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Abstract 
The fast growing wind turbine industry is expected to play a major role in solving our energy 
needs in the future. At present turbine manufacturing is performed mostly manually. Due to 
market growth the economical peak point is reached where an automated assembly concept 
can be introduced. 
This thesis focuses on the assembly of the wind turbine hub, in particular, on the bolt 
tightening process for the wind turbine bearing assembly, contributing to EU project 
COSMOS. Within this industrial research project, bolt tightening has been identified as an 
important research problem and the control strategies derived in this PhD thesis contributed 
to the activities of COSMOS. 
A wind turbine hub has three bearings which are assembled using multiple bolts (in current 
wind turbines, this can be up to 128 bolts). With the need to conform to stringent safety 
requirements and with the aim to produce long-lasting systems, the desired clamping force 
between the nut and a counteracting flange needs to be accurately and reliably achieved as a 
result of the tightening process.  
This thesis analyses the bolt tightening process divided into several tightening stages, with 
each stage addressing particular control and safety problems. The introduced fuzzy control 
architecture makes use of membership functions combined with linguistic rules to set the 
control target (which are specific torque and angle levels for the investigated wind turbine 
assembly process) to ensure that the desired clamping force is reached successfully and 
accurately. The control results (step response of the final control values and final clamping 
force) have been compared to more traditional control paradigms, including the 
proportional-integral-derivative (PID) controller. Experiments have shown that the accuracy 
improved and the standard deviation of the Fuzzy controller is more than 4 times lower than 
the one achieved using the PID controller 
The bolt system has been further analysed and a numerical state space model has been 
identified using an experimental identification method. The found model has been used to 
identify suitable control gains for a proportional-integral (PI) control strategy and were then 
fine-tuned using an online learning process based on a genetic algorithm (GA). 
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Error detection and avoidance is another important aspect when assembling safety-critical 
systems such as wind turbines. This PhD study introduces an error detection mechanism that 
is active during the bolt tightening process and integrated with the fuzzy control architecture 
used for bolt tightening. This is achieved by defining additional membership functions and 
linguistic rules for error detection. The error detection mechanism is based on a logic based 
approach terminating the tightening process when critical control parameters are exceeded.  
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Thesis Outline 
Chapter 1 – The first chapter provides an introduction to the wind turbine industry and the 
issues encountered in the wind turbine hub assembly process. More specifically, the bolt 
tightening process which is used in the assembly of the wind turbine hub. The current bolt 
tightening processes do not provide sufficient accuracy, which motivated the development 
of the two intelligent assembly strategies introduced in this thesis. 
Chapter 2 – “Review of tightening tools and control strategies” investigates and contrasts 
manual tightening tools as well as automated tightening tools used in industrial settings. 
Furthermore, various control strategies have been analysed and compared in the context of 
bolt tightening applications, identifying strategies suitable for bolt tightening in wind turbine 
manufacturing. 
Chapter 3 – “Bolt tightening based on fuzzy control for wind turbine bearing assembly” – 
describes a bolt tightening controller based on a model-free fuzzy control strategy. The 
control system described is based on the assembly strategy and includes the pick and place 
process, the alignment of the nut on the bolt, the run down phase and the tightening. Error 
analysis is part of the study.   
Chapter 4 – “Model-based self-tuning PI control of bolt-nut tightening for wind turbine 
bearing assembly” - introduces a self-tuning PI Controller using an online learning algorithm. 
An approximated numerical model of the bolt system has been derived and used to estimate 
the PI gains. These gains have been used in the PI controller as part of the experimental study 
on bolt tightening; it could be shown that fine-tuning the gains with an online genetic 
algorithm improves the controller performance considerably. 
Chapter 5 – “Comparisons of the control concepts” - compares the results of the model-
free fuzzy controller concept introduced in chapter three to a model-based self–tuning fuzzy 
controller based on a Genetic Algorithm. Comparisons are performed with regards to 
reliability, system response and error recognition. 
Chapter 6 – In this chapter an outlook is taken on an intelligent adaptive concept for the 
automated assembly of the wind turbine hub. An agent-based approach has been used to 
realise a search algorithm which creates a wind turbine hub assembly strategy. 
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Chapter 7 – This chapter provides a summary of the conducted research and of the research 
contributions is presented. Possible future work involves merging the control strategies into 
the agent based concept where the wind turbine hub is assembled in a flexible adaptive 
manufacturing environment. 
Appendix A – This appendix provides a more detailed technical background on the 
developed test bench MATLAB Simulink models and how they are implemented in a real 
time control environment. The workings of the fuzzy controller are explained as well the way 
the switching between the stages is implemented. 
Appendix B – This appendix describes the designed clamp system which prevents backward 
torque into the robot arm. A bolt bench has been designed to implement a pick and place 
process with a robot arm with the connected tightening tool performing the complete 
tightening process. Furthermore, another bolt bench which is used for several experiments 
is described. This bench also allows examining the performance when applying control 
strategies during fault scenarios, as it is able to accept a high torque. The bench is equipped 







15 | P a g e  
 
Chapter one: Introduction, Aims and Objectives, literature review
Chapter three: Bolt tightening based on fuzzy control for wind turbine bearing assembly
Chapter four: Model-Based Self-Tuning PI Control of Bolt-Nut Tightening for Wind Turbine Braring Assembly
Chapter seven: Summary & Conclusions
Appendix A: Simulink Models
Appendix B: Technical Drawings Clamp System
Introduction Aims & ObjectivesResearch motivation
Discussion Non linearity and 







Design of a numerical 
bolt model
Offline Training of 
the PI controller
Online training of 
the PI controller
Validation of the 
control results
Overview of the 
research
Four stages fuzzy control strategy
Self-tuning PI control strategy
Reconfigurable assembly
Future Work
Technical description of 
the four stages fuzzy 
control strategy
Technical description of 
theself tuning PI control 
strategy
Technical description of 
the clamp system
Technical description of 
the bolt bench
Chapter five: Comparisons of the Control Concept
Analysis of the fuzzy 
control strategy
Analysis of the self-







Analysis of the wind 
turbine hub
Setting up an 
agent with a 
search algorithm







Figure 1: Thesis structure 
  
16 | P a g e  
 
 
1. Chapter 1: Introduction 
1.1. Wind turbine industry: An Overview  
Traditional energy sources such as fossil fuels will run low in the future and it is essential to 
research and invest in alternative renewable sources, such as solar energy and wind energy. 
The wind turbine industry has been growing over the last 20 years and wind generation 
capacity has reached a worldwide capacity of 93.8GW. As more countries, such as Germany, 
the UK and the United States, are increasingly investing into wind energy, the industry is 
expected to further expand in the near future [1]. Currently, the demand for more powerful 
turbines both onshore and offshore is increasing, and it is likely that it will continue to do so 
over the next years especially in countries with comparatively lower sunshine amount [1].  
Wind energy has been used to create electricity for decades and the technology has matured 
to the point where a single wind turbine can reach a power output of up to 7MW. Wind 
energy is expected to provide 12% of the world’s overall energy requirements and the 
research and development on wind turbines focuses on making the turbines even more 
powerful [2] [3] [4] [5].  
Wind turbines have been assembled mostly manually as low demand and output in the past 
had made the introduction of an automated assembly strategy financially unfeasible. 
However, with demand peaking nowadays the introduction of automation in wind turbine 
manufacturing is becoming economically interesting.  
A wind turbine comprises a wind turbine hub, a tower, and a nacelle, as shown in Figure 2. 
Depending on the turbine manufacturer, the tower contains the power converters for 
connecting the turbine to the grid, the nacelle contains the generator and the gearbox 
connected to the rotor and the hub carries the three rotor blades as well as the electrical pitch 
system with all its components.  
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Figure 2: Wind turbine structure [4] 
Wind energy has been used for over 3000 years [5] for sailing the seas, pumping water and 
grinding grain. The 3 axis horizontal wind mill was designed in the 13th century and mills 
played a major role in the early economy before the introduction and widespread use of fossil 
fuel. As early as the 19th century a 12kW wind mill was used to produce electricity. However, 
as the electricity grid was further developed interest in wind energy remained fairly low until 
1941, when Smith Putham [5] designed a wind turbine with a power output of 1250kW. This 
machine was using a steel rotor with a radius of 26.5m. More wind turbines have been 
developed afterwards with a much better energy outcome but despite the advantages there 
was only little interest for this type of energy generation until 1973, when the oil price rose 
dramatically. As a result, governments started looking for alternatives and they set up research 
funding, which increased the general interest in wind energy. However, at this time, there was 
a high uncertainty about the design of cost efficient and energy productive wind turbines. 
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analysed and compared. The wind turbine design that was developed in the early 1980s is the 
one which is still common nowadays. At that time, there was still an uncertainty about the 
number of rotor blades a wind turbines should have (there are designs for 1, 2 or 3 blades 
[5]). Moreover, turbines could not run unsupervised in an offshore environment, for example 
damages could not be identified at an early stage (for example in the gearbox) which lead to 
bigger damages. In the worst cases the whole mechanical set up of the wind turbine was 
destroyed. It was also a problem to keep the turbines running on a constant rotation speed 
at different wind speeds. If the wind speed got too high, the turbine could get damaged, if it 
was too low, the turbine could not start to work. To address this, several different concepts 
were developed, including the so-called Danish wind concept, which includes a three blades 
rotor (Figure 2), and is stall regulated to keep a fixed rotation speed. This design has been 
found to work very efficiently and therefore it is successfully used today. 
The demand for wind turbines is further increasing and it is estimated for example that in 
Denmark wind energy currently provides 20% of the overall energy production and the plans 
are to push it up to 50% [1]. Furthermore, the demand for offshore wind turbines increases 
as the wind distribution on the sea is more constant than on land including predictability of 
the wind direction. Compared to onshore turbines, the demand is lower [6], since the usable 
area for offshore wind turbines is smaller (only available at certain coastlines). Furthermore, 
the infrastructure for offshore wind turbines is more complex which causes an increased 
investment for setting up the turbines [2] [4] [5] [6] [7] [8] [9] [10] [11] [12]. 
1.2. Aims and Objectives 
The main aim of this thesis is to design an intelligent bolt tightening strategy for wind 
turbine hub assembly to potentially replace currently used manual installation processes in 
the wind turbine industry [9]. Furthermore extending on this strategy a proposed agent-based 
method promises to achieve automated assembly of the wind turbine hub. 
The proposed bolt tightening strategy aims to ensure expedite assembly according to 
specifications, and more importantly, to achieve a high-standard tightening process. 
Therefore a more time consuming control approach which accomplishes the tightening 
process on a higher standard is preferred to one which may be faster overall but has a higher 
distribution in the final torque and angle level. 
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To this aim the thesis will proceed with: 
 
A. An in-depth analysis of the bolt tightening process  
This involves an account of problematic phases and division of the process into different 
stages, capable of coping with inherent nonlinearities and uncertainties, such as those due to 
variations in friction and material properties. Possible bolt tightening errors, such as a 
misalignment of the nut on the bolt or different bolt-nut size combinations are analysed and 
classified according to the type of error.  
 
B. The development of two approaches to bolt tightening:  
a) A model-free approach based on fuzzy control using a model-free Mamdani-type fuzzy 
controller, and 
b) A model based approach combined with an online learning Genetic Algorithm (GA) for 
fine-tuning. 
In approach a) the fuzzy controller is based on the torque/angle tightening technique and 
employs several controllers to integrate all aspects of the system. Furthermore, the 
controllers are running the tightening tool on different speeds to prevent any physical 
damage to the system. A lower speed will decrease the kinetic energy (which can damage 
the bolt system in an error). 
 In approach b) a numerical model for offline training is determined. A genetic algorithm 
fine-tunes the originally derived gains of the controller until the step response of the system 
is improved. This approach allows coping with bolt systems nonlinearity and uncertainties.  
 
C. An investigation into how the bolt tightening strategy can be extended to an 
agent based concept for automated assembly of the wind turbine hub:  
In this investigation, the assembly of the hub has been generalized and the assembly of 
the wind turbine hub has been simulated by determining the assembly requirements of the 
main components (hub body, pitch bearings and bolt connections). A search algorithm has 
been selected (Partial Order planning, POP) and the assembly strategy has been derived in 
a simulation environment. 
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All approaches are implemented on industrial computer hardware in the form of hard real 
time applications, to demonstrate their suitability to industrial environments. 
1.3 Research Motivation 
Almost all turbine components – electrical components, wind turbine nacelle, and turbine 
hub - are assembled manually in the factory. The final part of the assembly process takes 
place at the customer installation site where the nacelle is placed on top of the tower and the 
hub is installed on the turbine’s nacelle. 
In this thesis research focuses on the pre-assembly stage in the factory and in particular on 
the bolt tightening process which is one of the core processes. The proposed tightening 
strategies are expanded to an agent-based automation concept which is introduced in this 
thesis [10] [11] [14] [16] [17] [18]. 
The bolt tightening process of the wind turbine hub is currently performed manually using 
torque wrenches and hydraulic tensioning tools, such as introduced in Chapter 2. The main 
target of a bolt connection is to create a specific clamping force. The clamping force is the 
force applied between the bolt head and the nut and a product of either the final tensioning 
force (if the tensioning approach is used) or the final torque and angle levels (if the tightening 
approach is used). 
 
Figure 3: Wind turbine hub with placed bearings [12] 
Figure 3 shows the pre-assembled wind turbine hub with installed bearings in a factory 
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turbine hub. The bolt connections which attach the bearing to the hub can be seen on the 
outer bolt ring; the inner ring (the holes around the bearing in Figure 3) will be assembled on 
site and mounted on the turbine blade on the hub once the latter is mounted in turn on the 
nacelle. 
The number of bolts connecting the bearing to the hub varies but there can be up to 128 
bolts of different sizes. When the turbine runs, the load of the wind pushes against the blade 
causing it to rotate. The wind load is also applied to the bearing and at the wind side (i.e. the 
front side of the turbine) it may put excessive pressure on the installed bolt connections. 
These bolts are the only means whereby the 50-metre long blades are linked to the hub and 
through the hub to the gearbox and the generator. If the tightening process is not completed 
accurately and the required clamping force is not reached or is higher than specified, a local 
overload of individual bolts may cause the bolt connections to fail during operation. 
This failure could cause a shutdown of the turbine and could necessitate the replacement 
of the bolt connection. Depending on the level of damage, it may be necessary to take the 
turbine blades and hub down to conduct repairs. Furthermore, if several bolt connections 
break, a blade may hit the tower as it bends back. This may cause irreparable damage to the 
turbine and/or it may be required to repair the turbine – it is noted that during repair, the 
turbine is not producing energy. 
It is essential that the wind turbine is assembled to the required assembly specification in 
order to avoid failure, turbine damage and ensure public safety. For example, a blade failure 
can throw parts of a wind turbine blade up to 2km away from the turbine [13].  
The following Figure 4 shows damages, which can cause a public health risk; such damage 
could be caused by an inaccurate assembly process. It is an example of irreparable damage 
and a risk for public health as turbine parts can fly uncontrollably and can land quite some 
distance away from the turbine. 
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Figure 4: Damaged wind turbine blades, can cause public health risk [14] 
The example in Figure 4 shows serious damage where a replacement of the turbine may be 
necessary. The damage may involve a long downtime, reduced energy provision and reduced 
financial income; also replacing the turbine is rather costly. In particular, sites which are 
difficult to reach (bad infrastructure) or offshore turbines can lead to rather high economic 
loss. 
Thus, it is essential to detect errors during the tightening process, to ensure that the 
assembly is conducted to specifications; concerning the clamping force in this context, it is 
imperative that the appropriate clamping force is reached on all bolts across the entire 
bearing. The bolts need to be properly installed and must not be affected by any mechanical 
damage.  
An error recognition system must be able to actively monitor the tightening process, 
ensuring that the correct bolt is installed, the appropriate forces are achieved and ceasing 
operations as soon it detects an error.  
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Figure 5 shows a schematic of a bolt connection. The bolt itself is a rather complicated 
element, even though it appears to be simple. A bolt is actually a spring [16] [17] – it is 
stretched during the tightening process and locked in a particular position using a nut. There 
are many different types of bolts and manufacturing standards [18] which makes the actual 
tightening process different for various bolts [19].  
The standards vary all over the world as different industrial applications use different bolt 
types. However, in the wind turbine industry, mainly metric bolts are used [9].  
There are many different tightening techniques which can be used for the completion of 
the tightening process, such as the torque or angle technique. Both individual tightening 
techniques can be combined [16] [17]. Each technique requires an individual controller; when 
both tightening techniques are combined then both controller outputs will be added, as 
described in Appendix A. This allows to tighten the nut to a specific torque as well as a 
specific angle level. 
The tightening process is affected by twisting due to the rotational movement of the nut on 
the bolt while the friction level between the nut and the bolt influence torque level. The 
friction level is varying and depends on the material properties and on the corrosion 
protection, in particular, if the bolt is oiled. The clamping force will drastically change if the 
friction level varies even though the same tightening torque has been applied.  
The assembly process of the wind turbine comprises several steps. One of the core assembly 
processes is the bolt/nut connection between the bearing and the wind turbine hub. This 
process is currently done manually by using different tools such as torque wrenches, hydraulic 
tensioning tools and gauges [20]. In addition, the bolt nut connections need to be assembled 
to a high standard to ensure that the desired torque angle tightening level of each bolt meets 
the assembly specification. It has to be ensured that bolts are tightened on the specified level 
and – if not – the faulty level needs to be detected as well as errors which prevent the 
tightening process or may cause damage [10] [14] [16] [17] [18] [21].  
Current automation technologies used for bolt tightening processes are mostly based on 
PID controllers which can be used for the torque angle tightening technique [16]. PID is in 
general well accepted in industry and its performance is accurate in particular on linear 
  
24 | P a g e  
 
systems. A bolt is acting as a spring in hydraulic tensioning systems, the performance is very 
good but it decreases when non-linearity and uncertainties are introduced to the system. The 
tightening process introduces many uncertainties and non-linearity, such as mechanical 
frictions between the threads and the head of the bolt and the surface of the flange, 
uncertainties [22] are also introduced by variations in temperature, variations of the friction 
level (e.g. an oiled bolt will have a significant lower friction level) and the presence of possible 
damages which may affect the performance of a PID controller and make the bolt system 
highly non-linear [23] [24] [25] [26] [27]. Furthermore, a PID controller with fixed PID values 
may not be able to comply with the performance requirements hence it cannot integrate the 
non-linearity and uncertainty of the bolt system.  
Thus, alternative control strategies which can integrate the non-linearity and the 
uncertainties are needed, since PID is an approach which requires accurate information about 
the control system (and the performance varies due to the uncertainties and non-linearity) 
[28]. The use of a model free fuzzy controller can be used to integrate all the quality control 
requirements for this application. Also the control strategy can be used on several different 
bolt sizes since it is not based on a theoretical numerical model describing the system 
attributes. 
Another essential aspect is the error detection functionality. Common errors, such as 
misalignments of the nut on top of the bolt have been defined and need to be detected.  
A theoretical approach for screw fastening has been introduced in [29] to address non-linear 
components of the system which can be controlled using a fuzzy controller. However, this 
approach may not be used for this application, as the hub assembly requires higher accuracy 
and error recognition. 
 Also, industrial integration has not been targeted in the screw insertion application [29]; 
different rotational speeds have not been considered to prevent mechanical damages in 
critical areas of the tightening process. The approach introduced in this chapter allows 
tightening of bolts on a high quality level including quality control feature as well as damage 
prevention during the process. 
 
  




Figure 6: Bolt Spring system 
 
The bolt tightening process using a robot will use a robot arm for the pick and place process 
of the nut and will place it on top of the bolt of the wind turbine hub. Once the tightening is 
completed, it has to be ensured that the final reached clamping force is according to the 
desired specifications and that as a result the nut is not becoming loose during operation of 
the turbine [22] [30] [31] [37] [38] [39]. 
In order to complete the tightening process, a control strategy needs to be chosen and 
implemented in the tightening controller. The tightening controller can be either a classical 
model-based controller estimated on the characteristics of the bolt model or a model-free 
control approach, which experimentally showed a higher accuracy and reliability than a 
model-based approach. A bolt connection contains non-linearity and uncertainties which 
make it difficult to estimate a general numerical bolt model which can be used to develop a 
bolt tightening control strategy. 
Even though bolts and nuts are mass products and standardized and the bolt has a specific 
thread type (in this thesis only metric bolts are considered, as only metric bolts are used for 
  
26 | P a g e  
 
wind turbines [9]), they suffer from some material variations. These variations are possibly 
even higher when the bolts and nuts are made from different manufactures. In addition, bolts 
and nuts can be oiled before they leave the factory to prevent oxidation and ensure an easy 
installation. However, this means that the friction level of the bolts and nuts varies and that 
a different torque and angle level may be required for the tightening process in order to reach 
a specific torque level [16]. Other uncertainties can be caused by variations in storage 
conditions. Both a cold and dry warehouse environment as well as hot and wet storage 
conditions can affect friction levels of the bolts and nuts.   
The way the bolt is preinstalled by the robot adds another uncertainty, as the tightening 
angle changes; the washer installed on the bolt which has also variations in the material and 
surface friction like the bolt and the hub flange. When the nut runs down the bolt it is affected 
by variations of friction on the bolt and when it reaches the washer and the flange, the friction 
is a combination of the thread, washer and flange friction. The overall system is also affected 
by the temperature, as this changes the material properties and friction levels. 
In summary, all these uncertainties make it rather difficult to estimate an accurate numerical 
bolt model which can be used to design a precise controller. To this aim, this thesis proposes 
the development of a model-free control strategy which will overcome the described non-
linearity and uncertainties and guarantee an accurate result. Fuzzy control can be 
implemented with or without a model and overcomes nonlinearity and uncertainties in the 
bolt tightening process [23] [25] [29] [30] [31] [32] [37] [41] [42] [43] [44] [45] [46] [47] [48] 
[49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59]. Fuzzy control strategies can be used in this 
application as it can be set up using expert knowledge about the bolt tightening process. 
Using membership functions, the inputs of the system, such as the angular and torque 
feedback, can be set and the desired torque and angle levels can be defined and linked using 
linguistic rules. This approach can potentially provide a constant quality level even though 
the bolt system changes its attributes.  
 Alternatively a model based approach can be used. In this approach a numerical model 
needs to be identified either theoretically by describing the physical system with all its 
components (namely the tightening tool with its servo-drive, its gearbox, its spring mounted 
shaft and the bolt system containing the bolt, the nut, the washer and the flange) or 
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experimentally by combining several step response data and identifying a numerical system. 
Several model types can be used, such as Hammerstein-Wiener models, neural networks or 
state-space models. For this research, a state-space model has been chosen as it showed the 
best performance compared to other model types. The approach chosen here to realise the 
numerical model makes use of the MATLAB system identification toolbox. 
However, the numerical model will not show all the nonlinear characteristics and 
uncertainties of the bolt system. The model will show sufficient accuracy for the initial design 
of a control strategy to reach the control target, but the controller performance may not be 
optimal.  
The tightening process can be based on a PI control strategy using gains which can be fine-
tuned. A genetic algorithm can then be implemented and combined with the PI controller 
and set up with the initial derived gains. These gains are then fine-tuned online during each 
tightening process until the control performance reaches the best possible level. 
For the model-based tightening strategy, the angle based tightening strategy has been 
chosen [16]. It has the advantage that it will not be directly influenced by the uncertainty and 
non-linearity of the friction level as the nut runs to a desired target angle. A tightening angle 
should always reach a particular clamping force. However, the angles change due to variations 
in the material properties, as the starting position of the thread (that is the nut grabs into the 
bolts thread and starts the run down process) changes with different bolts. The starting 
position also depends on how the operator pre-assembles the bolt. Therefore, each bolt will 
then have a slightly different starting angle which means that the final angle will vary by a few 
degrees. This introduces an uncertainty to the final clamping force of the bolt connection.  
This issue may be overcome by measuring the torque level during the run down process; 
the nut runs down until it touches the flange and at that moment the torque level increases. 
This position can be seen as a zero position and the tightening based on the angle technique 
can be completed. 
The uncertainty which arises employing the above technique is due to torque measurements 
during the tightening process. However, for this approach to work the torque that occurs 
when the nut hits the flange needs to be clearly discernible when compared to the run down 
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torque. During the run down the tool has to overcome the friction level of the bolt, but the 
torque associated with the run-down of the nut is usually considerably lower than the torque 
needed to overcome the friction between nut and flange in the final stage of the bolt 
tightening process. This approach to define the zero position showed to be more reliable in 
experiments (than the above angle based strategy), as the mean value distribution of the zero 
angle turned out be lower compared to the zero position when the nut is placed on top of 
the bolt.  
Errors may occur during the bolt tightening process and it has to be ensured that the nut is 
tightened according to the assembly specifications. If for some reason that is not possible, 
e.g. due to a mechanical defect, the tightening process has to be stopped and the bolt or the 
nut has to be replaced. Furthermore, the occurrence of an error situation should not need 
lead to further mechanical damages of the bolt or even the hub system. An exchange of the 
whole bolt nut connection may well be avoided as it may possible to replace only the faulty 
part. This fault detection process for automated assembly has been analysed for screws in 
[33]. The screw insertion process has different error sources and also a different installation 
method. Another method described in [34] uses an electric screwdriver with a torque sensor 
and an encoder. This approach uses torque signatures to detect any failures based on neural 
networks [35].  
Other researchers have provided solutions for decision making algorithms employing a 
Mamdani Fuzzy Controller using fuzzy rules and membership functions [36] for 
implementing which can be used as a base for both the tightening controller as well as the 
error detector. For the model-based strategy based on a PI controller a separate program can 
be developed which monitors the torque and angle levels. 
The process needs to run in an industrial automation environment using a robot. Both the 
robot and the tool need to be connected to the controller as well as to the rest of the assembly 
line, ideally via a modern and reliable fieldbus system. Furthermore, several tightening tools 
may be used for the assembly process and they may need to work simultaneously [37] [38]. 
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 Figure 7: Robot assembling the bearing of a wind turbine hub (provided 
within the COSMOS project) 
The picture above shows the assembly of a bearing on a wind turbine hub body. The 
picture shows a validation set up used in the COSMOS project, to which this PhD study 
contributed to.  
Figure 8 shows the hub when it is finally installed in the field. All three bearings are 
installed. The figure also shows that corrections to the existing bolt connections causes a 
more complicated process, as the hub is on a height of up to 120m.  
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2. Chapter 2: Review of tightening tools and overview about possible control 
strategies 
 
2.1 Chapter outline  
The wind turbine assembly contains many core processes. One of the core processes is the 
assembly of the wind turbine hub; in particular, the assembly of the bearings of the wind 
turbine hub. 
This is currently done manually, using torque wrenches or hydraulic tensioning tools. This 
chapter provides an overview of the current manual assembly tools and also provides an 
overview of tools which can be used for the automated wind turbine assembly application. 
Another aspect in this chapter is the review of control strategies for the bolt tightening 
application. The bolt system is a nonlinear system including uncertainties and non-linearity 
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2.2 Overview of industrial tightening tools 
The bolt system is a mechanical connection using a bolt, washers and a nut. In between the 
threads of the bolt and the nut as well as between the bolt head, the washers there is friction. 
The friction level may vary depending on the condition of the bolt (e.g. corrosion, oiled bolts, 
variations in material, variations in the bolt stiffness etc.) Another aspect is fault detection. 
Faults during assembly can be caused by using a faulty bolt.  
 There are many different tightening tools, the most suitable ones for this application which 
will be introduced in this chapter. 
 
2.2.1 Torque wrench 
One of the simplest tightening techniques is based on a mechanical torque wrench. The 
wrench can be set to a particular torque value set in [Nm] and the nut is pre-installed on the 
bolt and run down to the flange. By rotating the wrench, torque is applied to the bolt system 
until the final desired torque level is reached. The wrench will then mechanically open at the 
desired final torque. 
 
Figure 9: Mechanical Torque Wrench [40] 
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Another manual approach is based on an electronic torque wrench. Compared to the 
mechanical wrench which is using a spring system to detect the desired torque this system 
uses an electronic system based on a strain gauge torque sensor. By using this electronic 
sensor a higher accuracy can be achieved, as the accuracy of this sensor is higher. 
 
Figure 10: Electronic Torque Wrench [41] 
It needs to be considered that the introduced torque wrenches do not have an integrated 
control strategy. They will only mechanically (triggered electronically) disengage when the 
final torque is reached. If the tightening is done very fast they may be a torque overshoot 
which decreases the final accuracy and introduces an uncertainty to the final clamping force. 
However, if the tightening is done slowly, a high accuracy can be reached with the electronic 
torque wrench. 
The manual tightening process has also the advantage that errors can be detected easily by 
the operator during assembly as he or she monitors all the assembly steps.  
 
Figure 11: DSM Messtechnik manual tightening tool [42] 
2.2.2 Automated tightening tools 
The bolt tightening process is already automated in many fields (e.g. automotive industry). 
There are already automated tools which are used for the automated bolt tightening process. 
There are digital tools and analogue tools. The next figure shows an automated tightening 
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tool, which has already an integrated industrial bus system (such as ProfiNET). The tools are 
based on linear control strategies, such as PID. 
 
Figure 12: Industrial automated tightening tool [42] 
It is noted that there are two different types of tightening tools. The most used ones are a 
combination of a tightening tool connected to an assembly station and a transducer with an 
integrated controller and an industrial interface to set torque/angle values and further tool 
parameters. Other ones, older tools, are analogue tools, which are used in combination with 
a PLC running the control algorithm.  
With regards to accuracy, automated tightening tools reach up to 0.5% from the final torque 
and 0.1° for the angle. This is the maximum achievable accuracy, based on the accuracy of 
the sensors, e.g. the strain gauge sensor used for measuring the torque and the encoder 
measuring the tightening angle.  
 
2.3 Control Strategies which can be used for non-linear control systems 
including uncertainties 
There are many control strategies which perform well on particular control applications, 
such as PID controllers for linear controllers. Linear control strategies lack the capability to 
adapt to non-linearity. 
Another requirement for a control strategy is that it can be used in a control environment, 
where discrete controllers can be implemented (such as PLC systems). 
  
35 | P a g e  
 
Furthermore, the bolt connection is using a tightening tool with two outputs, namely the 
torque and the angle. Therefore, a control strategy needs to be selected according to this 
requirement, i.e. being capable of operating with multiple input signals. 
2.3.1 Predictive Control strategies 
There are already various controllers which have been described in current research 
publications, such as a torque controller based on a predictive control strategy [43], which is 
able to adapt the systems behaviour and adapt to system changes based on predictive 
methods. However, the accuracy of the prediction may not be high enough to be used on a 
physical system, such as a bolt tightening system, as it suffers from non-linearity and 
uncertainties, which are difficult to predict.  
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2.3.2 PID for tensioning tools 
Another bolt assembly strategy is based on bolt tensioning. This strategy is different from 
to the tightening strategy, as the bolt is pre-tensioned and then the bolt connection is 
established. This approach is also non-linear, but can be represented by linear models more 
readily and uncertainties are significantly less when compared to bolt tightening. 
The tensioning approach can be based on a classical PID controller, as the bolt system will 
act over a wide range as a spring, i.e. with a fairly linear behaviour. Non-linearity occurring 
in bolt tensioning can be usually neglected. For example, the process described in [44] 
reporting on hydraulic tensioning can be accurately completed using a standard PID 
controller, although some non-linearity is observable. However, and as this PhD thesis will 
show, assembly processes based on bolt tightening can be considerably improved with 
regards to accuracy employing intelligent control strategies capable of coping with high non-
linearity and uncertainties. 
2.3.3 Neural Network Controller 
Neural Network Control [45] is a biologically inspired control approach mimicking some 
function of the brain. This control strategy can be applied to nonlinear dynamic control 
problems, such as the discussed bolt-tightening problem. In particular, a neural network is 
able to learn the systems attributes even on a poorly modelled nonlinear dynamic system. 
However, it may not be necessary for a linear control system or a system which can be 
linearized.  
In an industrial environment a neural network is used in different scenarios [45], such as in 
combination with a database of correct control signals which are used to train the neural 
network to adapt the correct signals. Although good results can be achieved with neural 
networks, the main issue that remains is that it is difficult to understand what exactly they 
have learned. Hence, they may give good responses for a subset of the overall range of 
operations, but may fail to operate appropriately in other parts. Because of this general issue, 
they are also referred to as “black boxes” and certifying them for industrial use can be 
problematic. 
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Another strategy is called indirect adaptive control where a neural network is used to 
identify the control system (e.g. the input and output signals of the control system are used 
to train the network and map the input and output signals) and then used to develop a control 
strategy. The approach can be used for describing dynamical models, dynamic optimization 
and adaptive critic methods (e.g. reinforcement learning). Neural networks can be trained in 
many ways, such as with a supervised method where human expert experience is integrated 
into the network. This is one possible way of integrating expert knowledge about the bolt 
system and furthermore would allow error recognition capabilities. 
2.3.3.1 Non-linear control using non-linear separation with neural network 
Another research approach is based on neural networks where the non-linear components 
of the system are separated, as introduced in [46]. In this strategy the non-linear and linear 
components can be fed into a neural network which learns the system behaviour. The 
approach can be in particular useful to handle the non-linearity of the bolt system, however, 
uncertainties that were not present during the training process cannot be handled by a neural 
network approach.  
2.3.4 Fuzzy control strategies implemented with linguistic rules using expert 
knowledge about the system without a numerical model 
A control strategy based on a Mamdani fuzzy controller has been described in [47]. The 
Mamdani Fuzzy controller is based on membership functions and linguistic rules. This 
controller is in particular useful for the bolt tightening application, since it allows to integrate 
knowledge by using linguistic rules as well as allows to handle uncertainties using Gaussian 
membership functions.  
Linguistic rules can be used to implement expert knowledge about the bolt tightening 
process into the control scheme. In general this will require an in depth analysis of the control 
system (e.g. the bolt system, the tightening tool as well as the transducer running the tool). 
This is one of the most promising strategies for this application which will be analysed in 
this thesis. Using the expert knowledge on bolt tightening, the bolt tightening process can be 
split into stages; this control strategy allows integrating knowledge of each stage to complete 
the tightening process.   
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2.3.5 Fuzzy neural control strategies 
A neural network can also be combined with a fuzzy controller. This can be done by using 
a feed forward neural network which approximates a fuzzy control algorithm.  
In general a fuzzy controller can be implemented in a neural network using a local field. A 
local field is representing the linguistic rules and the weights can be a representation of the 
membership functions. 
The neural network can be used to tune the fuzzy controller as well as extracting fuzzy rules 
from numerical data. Another possible use is a hybrid system where a neural network and a 
fuzzy controller interact in the control scheme. 
Therefore, there are various levels on how a neural fuzzy controller can be implemented. 
The simplest way is using a neural network to match the input and outputs of a fuzzy 
controller (e.g. the surface of the fuzzy controller). Using this approach, the neural network 
may be trained on a numerical model of the control system. Furthermore, this approach can 
also be extended to an online learning algorithm, where the neural network is first trained on 
a numerical model and then further fine-tuned online on the physical control system. This 
allows in particular integrating approaches that can deal with uncertainties and non-linear 
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2.3.6 Genetic algorithm combined with a fuzzy controller 
A genetic algorithm can be combined with several other controller types, e.g. a fuzzy 
controller. The Genetic Algorithm can fine-tune the fuzzy controller and optimize its 
membership functions while the controller is running. This will constantly increase the 
control result to a certain defined threshold level. 
In [48] a combination of a fuzzy controller with a genetic algorithm is introduced and 
used on a job-shop manufacturing system. The approach is used to automate the 
process of decision-making in manufacturing. 
 
2.3.7 Control strategies using a PI controller combined with a Genetic 
algorithm 
Another possible tightening strategy can be based on a linear controller, such as a PI 
controller, combined with a genetic algorithm to fine-tune the controller to the physical 
system, as described in [49].  
Using a PI controller requires a pre-estimation of the PI gains. This can be done via 
trial and error or using a numerical model, such as a state space model. The pre-
estimation can be then based on a Genetic algorithm and the numerical model. Once 
the PI gains have been estimated they can be implemented on the physical 
manufacturing system. 
The performance may not be accurate enough and therefore the Genetic algorithm can 
be applied to the physical system as well, where it will learn the non-linearity of the 
manufacturing system and adapt to the changes and uncertainties, if present during this 
training period. This process is a continuous process and as soon as a different bolt 
system is introduced (e.g. when a different set of bolts is taken from the warehouse into 
the factory), the process will continue to adapt. 
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2.3.8 Control strategies implemented as a sliding mode controller  
The bolt tightening system investigated in this thesis is nonlinear and therefore, control 
strategies which are purely linear may not perform very well on the system. Another strategy 
is to use a sliding mode control strategy [50]. 
For this control strategy, the torque and angle curvature will be analysed and piecewise 
linearized. In order to do this the curvature is subdivided into several parts where each parts 
non-linearity is low enough to be assumed to have linear behaviour. 
Each of the subdivided parts can be then treated as an individual linear system, and linear 
control strategies can be implemented, such as PID. 
Furthermore, the control concept can be set up with various different control strategies, 
such as fuzzy or state space control. This allows designing a precise controller for a non-
linear control system. In particular, the non-linear parts of the bolt tightening system can be 
controlled using a suitable non-linear control strategy and the linear parts of the bolt system 
can be controlled using a linear controller. 
Between each parts there will be a switching algorithm which switches between the 
controllers (also called sliding between controllers) depending on which part of the bolt 
system is currently controlled. 
This control strategy may be very useful for the bolt tightening process, as it can be 
combined with an in depth analysis of the bolt tightening process.  
1.3.9 Error Detection Capabilities for the tightening process 
Another requirement for the bolt tightening process is error recognition. Error recognition 
needs to be divided into two parts, which is damage prevention due to errors and error 
detection. 
Error prevention requires running the tightening tool on different speeds at different parts 
of the system. This allows avoiding mechanical damages at each part, for example, where a 
mechanical damage can be caused by a high tightening speed of the tool. 
Error detection requires an actual feedback from the controller to the operator that there 
is an error event. With a sliding mode controller, this can be implemented using a fuzzy 
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control strategy for each part of the bolt system or with another error detector which is 
implemented separately and runs on top of the controller to detect error scenarios. 
Summarizing, a sliding mode control strategy may be a very suitable control strategy for the 
bolt tightening problem, as it clearly allows to address non-linearity and uncertainties based 
on an in-depth analysis of the bolt system.  
2.4 Summary 
This chapter reviewed manual tightening tools as well as control strategies and explored 
their suitability for the bolt tightening assembly process.  
There are many different manual tightening tools, which are either mechanical ones with a 
spring system to set the desired torque as well as electronic tools which are based on a strain-
gauge torque sensor which will disengage when the target torque is reached. 
There are also automated industrial tightening tools, such as some with an integrated 
controller and industrial fieldbus interfaces as well as analogue tools which can be driven by 
an analogue input signal. 
The chapter furthermore discussed and compared control concepts which can be 
implemented in a discrete control environment. It turned out that strategies based on fuzzy 
control can be in particular useful for the bolt tightening application providing the possibility 
to integrate knowledge of the bolt tightening process; furthermore the fuzzy-based control 
strategy can handle the non-linearity of a bolt tightening system. 
A genetic algorithm based concept has also been shown to be suitable for the discussed 
problem; such an approach allows learning and adapting to changes in the physical bolt 














3. Chapter 3: Bolt tightening based on fuzzy control for wind turbine bearing 
assembly 
 
3.1 Chapter outline  
The modern wind turbine industry contains many core processes. One is the assembly of 
the bearings on wind turbine hub. The hub contains many bolts which connect the bearing 
for the blade to the wind turbine hub. The bolts ensure that the bearings are safely connected 
to the hub.  
This chapter analyses the control problem of an automated bolt tightening process based 
on a fuzzy control strategy. For the control design, the tightening process has been analysed 
and divided into four stages which address the individual control requirements in each stage 
of the tightening process.  
Moreover, errors need to be detected during the tightening process and the process needs 
to stop as soon as an error occurs to avoid any mechanical damage. This requires that the 
controller integrates additional knowledge about possible error scenarios related to each stage 
so that individual errors can be detected and classified.  
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Furthermore, the controller will be executed in real time on an industrial PC automation 
environment. This set up has also been used to validate the error capabilities of the controller. 
 
Chapter three: Bolt tightening based on fuzzy control for wind turbine bearing assembly
Discussion Non linearity and 








Figure 13: Chapter 3 structure 
3.2 Bolt tightening strategies using fuzzy control 
To handle the previously introduced complexity of the bolt system, a Mamdani-type fuzzy 
controller has been chosen, since it is model-free and allows the integration of expert 
knowledge using membership functions and linguistic rules into the control strategy [51] [29] 
[52] [53] [46] [42] [76] [40] [38] [78] [79] [80] [81] [82] [77] [83] [84] [85] [86] [87] [88]. The 
Mamdani fuzzy controller allows also implementing multiple inputs and outputs of output to 
actively control torque and angle values of the bolt-tightening tool. The linguistic rules 
combine the membership functions to provide an accurate desired output of the fuzzy 
controller.  
 To facilitate the design of the fuzzy logic controller (FLC), the process is divided into four 
stages according to mechanical properties.  Knowledge of each stage is employed to come 
up with rule base and membership functions of the FLC. As an individual fuzzy controller is 
designed for each stage, nonlinearity can be clearly addressed and utilized for control design 
resulting in a well-performing system. To realize the fuzzy error detector for each stage, 
knowledge on potential error scenarios such as misalignment of nut on the bolt, mechanical 
damages of the bolt or the nut, incorrect thread types, sizes and so on, are defined in linguistic 
rules based on Mamdani FLC [16] [54] [29] [55] [56] [57]. Since different wind turbine hubs 
define different tightening specifications, a status determiner has been set which can set the 
parameters within the FLC to achieve the specified torque/angle [16]. The proposed FLC, 
error detector and status determiner are implemented on a real time industrial control system.  
Experiments are conducted to show the merits of the proposed control scheme.  
 
  
44 | P a g e  
 
3.3 Wind turbine components and suitable control methods 
The wind turbine hub is made of three main components, which is the hub, the bearing and 
the pitch system. There are two types of pitch systems, hydraulic and electrical. The electrical 
pitch system is normally installed in the wind turbine hub [9].  
The bearing is used to mount the wind turbine blades and to rotate them according to the 
wind speeds to different angles. The blades are rather heavy and due to variable wind speeds 
the bearings are installed using up to 128 bolt connections. 
The general set up of the wind turbine hub assembly is shown in Figure 14. 
 
 
Figure 14: Overall assembly process (picture provided by Gamesa Corp.). 
The picture above shows the three components and how they are all pre-assembled. The 
assembly is done in different steps, where the hub is placed in an assembly station, the bearing 
is placed on top of the hub and the bolts (or often referred to as stud bolts) are preinstalled 
by a robot arm.  
3.3.1 Sequence of bolt tightening 
The sequence of bolt tightening is essential for accurate bolt tightening as well as for 
assembly error detection. The process has been analysed and divided into four different 
stages where stage 1 targets the nut alignment on the bolt followed by partial engagement 
(stage 2), where the nut is rotated a few degrees until the threads of the bolt and nut engage 
with each other for a few degrees followed by full engagement (stage 3). In stage 3 the nut 
runs down until it touches the washer and the flange. The final stage (stage 4) is the actual 
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tightening process there the nut runs to its final angle and final torque level. Once this is 
completed the final clamping force is applied to the flange. 
The strategy is shown in Figure 15. The numbers in the figures are referring to the individual 
stages, e. g. stage 1, stage 2, stage 3 and stage 4. 
 
 
Figure 15: The 4 stages of the bolt tightening process [17] 
 
3.3.1.1 Stage 1 bolt nut alignment 
In this stage the nut is placed on top of the bolt using a robot arm. In the assembly process, 
the nut is picked by a robot arm using a magnet and then placed on top of the bolt. The nut 
runner is equipped with a magnet to grab the nut from a table where the nuts have been 
prepared. The general set up is shown in Figure 16. 
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Figure 16: Robot set up 
As it can be seen, the bolts have been preinstalled in the bolt bench so that the tightening 
tool can complete the tightening process. To overcome a backward torque problem, the 
tightening tool has been extended using a clamp system. When the tightening tool performs 
the tightening process, the torque is not only applied to the bolt itself, it is running through 
the whole robot arm and also works on the individual robot joints, where it may cause 
damage. To overcome this, the torque reaction system connects to the bolt bench and creates 
a closed system where the tool is locked onto the bolt bench. During the tightening the torque 
will stay in the bench/clamp system and no torque will be applied to the robot arm. This is 
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Figure 17: Clamp with bolt bench 
The nuts are arranged in a row so that the robot can pick and place them, as shown in 
Figure 18. It shows the alignment for the experimental set up. In a factory environment the 
nuts are provided similar in a row and specific angle (so that the nut-runner can pick it). 
 
Figure 18: Nut arrangement for the pick and place process 
In general the nuts are aligned in a row and can be picked by the robot arm using a magnetic 
nut-socket. In this example, they are just placed on a table but feeding system can be 
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At the beginning of the tightening process the nut is meeting at the starting point, which is 
on top of the bolt. In Figure 15 the top left panel shows this process where the nut is placed 
on top of the bolt. It has to be ensured that the alignment angle is set up correctly and that 
the tightening process starts slowly to avoid any mechanical damages due to errors such as a 
misalignment of the nut or different types of bolts and nuts (e.g. metric and non-metric nuts).  
 
Figure 19: Alignment problems [47] 
Figure 19 shows the alignment problem when the nut is placed on the bolt with an incorrect 
angle. This may be caused by the robot arm when the angle Θ of the place process is not 
correct or it may also be caused by an incorrectly installed bolt.  
When the nut-runner is started to initiate the tightening process the nut may get jammed in 
this scenario. Therefore, the spinning speed is slow in this stage.  
3.3.1.2 Stage 2 partial engagement 
In this stage the nut is turned for a few degrees until the bolt and the nut thread meet each 
other. Stage 2 is shown in the second panel (top right) in Figure 15. In this stage it may 
happen that the nut gets jammed when the nut and the bolt have slightly different sizes or 
thread types, hence a few degrees of turning may be possible but then the nut will get jammed. 
The described error scenario can be detected by measuring the torque level and compare it 
with the angular position. If the torque level is too high, it means that the nut is jammed and 
the tightening process has to be stopped immediately.  
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The misalignment problem (see Figure 19) is also a possible error scenario in this stage. It 
may happen that the nut can be turned for a few degrees even though it is not correctly 
aligned. In this situation the nut will get jammed on the bolt and may also get damaged.  
Once the nut is tightened for a few degrees on the bolt, the stage is completed. The angular 
level is depending on the bolt size and is set according to the assembly specifications and may 
vary from the targeted assembly item to item. 
3.3.1.3 Stage 3 - full engagement 
At this stage, the nut is running down until reaching the flange and a maximum and steady 
friction level occurs (Figure 15, bottom left panel). Possible errors include cross threads on 
the bolts shaft and dirt between the threads which can be detected by unexpected higher 
torque. Monitoring the angular displacement of the nut is very important in this phase since 
it contains a feedback about how far the nut has travelled on the bolt shaft. Moreover this 
information supports the estimation of the effective bolt length, according to the assembly 
specifications and - based on the travelled distance of the nut – the detection of wrong or 
missing washer. 
3.3.1.4 Stage 4 - final bolt tightening  
The final tightening process starts as soon as the nut has reaches the flange. A further 
tightening will generate a clamping force between the flange and the nut (Figure 15, bottom 
right panel). The torque levels as well as the final angular position of the nut are provided 
within the assembly specifications. Accordingly, the consequent requirement of this stage is 
to apply certain values of torque within well-defined angular displacements and without 
exceeding the bolt tension limit. If the bolt exceeds the tension limit it will fail, therefore, this 
scenario causes an error. 
 3.3.2 Mamdani type control architecture 
A Mamdani fuzzy controller was set-up, incorporating expert knowledge about the four 
stages of the bolt-nut tightening process through fuzzy rules. According to [21], the overall 
structure of the controller is: 
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where Ai and Bi are the concrete numbers or fuzzy numbers (e.g. low angle, desired angle) 
as a listing of n-possibilities. In the formula (1) the fuzzy numbers x can be seen as A1 and y 
is B1 or x is A2 and y is B2 and so on. Fuzzy rules can be integrated as a conjunction of 
implications: 






In the Eq. (2) the rules have been set as a listing of n possibilities: if x is A1 then y is B1 and 
x is A2 then y is B2. 
The application targets to be used in an industrial environment. Therefore the proposed 
overall architecture uses a Programmable Logic Controller (PLC) [58] [59] system which 
integrates MATLAB/Simulink programming language (by the Mathworks Inc.) on a real time 
Beckhoff TwinCAT 3 software automation system. The PLC is connected to an industrial 
robot arm (the Fanuc M6iB model), which is equipped on the end-effector flange with a 
tightening tool (model DSM BL 57/140 MDW). For testing the tightening process, a bolt 
bench with 3 bolts is set up, as described in Appendix A. The inputs and outputs of the fuzzy 
controller are the tightening tool angular position (measured by means of an integrated 
encoder) and the torque (measured using an integrated strain gauge sensor with a current 
output to measure the torque) respectively, as well as an error input used for tension limit 
detection. The fuzzy controller output is a voltage signal, in the ± 10 V range, which sets the 
spinning speed of the tool. A supervision signal is also defined to identify the errors.  
The number of each fuzzy controller rules and membership functions for each stage may 
vary depending on the stage requirements. Based on the current stage, the error can be 
promptly classified, the assembly process can be stopped and the potential damages to the 
assembly item can be avoided. Furthermore the fuzzy controller runs the tool on a lower 
speed during the most critical phases in order to prevent physical damages. Compared to an 
over-layered quality control system this approach has the advantage that the tightening tool 
  
51 | P a g e  
 
can respond faster to an error scenario. Compared to a PID control strategy, the tool runs 
on maximum speed when the tightening process is started (as at this point there is the 
maximum control error), therefore, in an error event, it may not stop adequately and cause 
damage to the bolt system. This is why it is necessary to develop a control strategy which 
integrates the quality control requirement automatically. The final control target is to reach a 
specific clamping force which cannot be actively controlled as there is no real time 
information about the clamping force available. The torque angle tightening technique allows 
reaching a specific clamping force by defining a tightening angle as well as a tightening torque 
[16]. 
By using a TwinCAT 3 system, the fuzzy controller is cyclically executed and sends the 
results to the PLC system. In fact, the PLC is connected to the corresponding tightening tool 
where the overall controller architecture is shown in Figure 20 and Figure 21. 
The control signals are sent back to the PLC in real time and the latter drives the tightening 
tool. It is important to notice that this approach has the advantage that (a) different fuzzy 
controllers can be chosen by the PLC to be used for different bolt types and (b) several 
tightening tools can be integrated by calling the fuzzy controller several times.  
Membership functions can be set by defining the required control values by the PLC when 
the fuzzy controller is called. Therefore, the error can be minimized by using the membership 
functions (which define the targeted control values) and linguistic rules. The generic control 
loop is illustrated in Figure 21. It needs to be considered that the error (i.e. the difference 
between the real torque/angle and their desired values) is estimated internally within the fuzzy 
control block by means of the defined membership functions and linguistic rules; therefore, 
there is no additional error feedback into the controller. 
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Figure 20: Overall controller architecture 
 
Figure 21: Generic control diagram stages 1-4. 
3.3.2.1 Stage 1 control strategy (bolt/nut alignment) 
A MIMO fuzzy controller with two inputs (torque and angle as sensing inputs) and two 
outputs (voltage for setting the tool’s speed and error for returning the control voltage for 
the tool) has been designed.  
  
53 | P a g e  
 
 
Figure 22: Membership functions of stage 1 
In stage 1, the input torque of the fuzzy controller contains three Gaussian membership 
functions named “low torque (LT)”, “normal torque (NT)” and “high torque (HT)” 
conditions; the input angle contains two membership functions, which are called “low angle 
(AL)” and “desired angle (AD)”; the output voltage contains three membership functions, 
namely “negative voltage (VN)”, “zero voltage (VZ)” and “positive voltage (VP)”.   
All membership functions are in the Gaussian shape as shown in Figure 22.  The fuzzy rule 
set is reported in the Table I, where the fourth column refers to the output of the fuzzy error 
detector, which generates either “true (T)” status, indicating erroneous condition, and “false 
(F)” status, indicating proper operation. In the first case, the fuzzy controller switches off the 
output voltage and reports an error output by sending a supervision signal to the PLC. 
Operatively, the tightening tool rotates until it reaches the starting position (where the bolt 
and the nut thread meet); then the torque slightly increases and the control target is satisfied.  
3.3.2.2 Stage 2 control strategy (partial engagement) 
The stage 2 fuzzy controller has a structure similar to the previous one, with the 
membership functions of the angle which is adapted to the desired angular range (Figure 23) 
in such a way that if a high torque scenario arises, then the voltage output is set to zero and 
an error output is returned. The membership functions are linked using the same linguistic 
rules as reported in stage 1 and Table 1. This stage is entirely ‘angle based’, since only 3-5 
entire turns of the nut are required for the stage completion. 
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Figure 23: Membership functions of stage 2 
The abbreviations in Table 1 have the same definition as defined in Figure 23. The error 






Angle Torque Voltage Error 
AL LT VP F 
AL NT VP F 
AL HT VZ T 
AD LT VZ F 
AD NT VZ F 
AD HT VZ T 
Table 1: Linguistic rules stage 1 
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3.3.2.3 Stage 3 control strategy (full engagement) 
In stage 3, the fuzzy controller contains also 2 inputs (torque and angle for sensing) as well 
as 2 outputs (the voltage and error signal for actuation). Compared to stage 1, the angle range 
has to be redefined to cover the expected run down of the bolt’s shaft; moreover the errors 
have to identify any possible high torque scenarios, which may be caused by cross thread on 
the shaft. Accordingly, the membership functions have been set as reported in Figure 24. 
 
Figure 24:  Membership functions of stage 3 
  




The abbreviations in table 2 are defined in Figure 24. 
Due to the presence of the friction between the bolt and nut threads, the baseline of the 
torque value within the fuzzy rules has to be slightly increased (as the nut’s thread is now 
fully set on the bolt’s thread) and furthermore the angle region has to be re-defined to 
estimate whether a correct washer has been installed (a missing or false washer would cause 
a high angle scenario). A high torque scenario within the low angle region would be indicative 
of a problem - as the situation of a cross thread on the bolt or a too short installed bolt - and 
must stop the tightening action. Due to all these concerns, more membership functions and 
linguistic rules have to be defined within this stage, as it is reported within Figure 24. 
3.3.2.4 Stage 4 control strategy (tightening process) 
The fuzzy controller in stage 4 tightens the nut to the final desired torque and within a 
specified and desired angular range. Here the tension limit has to be preserved (meaning that 
 
INPUTS OUTPUTS 
Angle Torque Voltage Error: 
F=false 
T=true 
AL LT VP F 
AL NT VP F 
AL HT VZ T 
AD LT VZ F 
AD NT VZ F 
AD HT VZ T 
AH LT VZ T 
AH NT VZ T 
AH HT VZ T 
 
Table 2: Linguistic rules stage 2 and 3 
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the bolt cannot be over tightened due to a wrong bolt installation). Therefore, the controller 
is set up by using three inputs (torque, tension-limit and angle for sensing) and two outputs 
(voltage to set the tools speed and one supervision signal for the error and tension-limit 
detection). Both outputs are based on the Gaussian functions and the error occurrence is 
detected by combining both the outputs. Two comparators are linked to the tightening and 
tension limit outputs, respectively: this set up enables detection of errors and tension limits.  
Three membership functions are assigned to each of the inputs. The error recognition 
should detect if the bolt reaches its tension limit by deviation of the torque: as soon as the 
torque velocity remains constant and the angle is still increasing, then the limit value has been 
reached and the process must stop, either with an error (if the torque has not been reached) 
or with no error (if the torque has been reached and the angular position is within the desired 
range).  
Furthermore, in this stage, the fuzzy controller returns to the PLC system whether the 
process has been successfully completed or not. According to these observations, the 
membership functions are both Booleans and they are implemented in addition to the 
membership functions introduced in Figure 25. “Reached tension limit (RT)”, “close tension 
limit (CL)” and “below tension limit (BE)” functions are also introduced. 
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Figure 25: Stage 4 membership functions 
The Boolean outputs of the tightening (TIGH, showing that the tightening process is active 
if true) and of the tension limit (TL, showing tension limit reached if true) are supervision 
signals set by the fuzzy controller; then a set of 27 linguistic rules has been set up to cover 
the required actions (Table 3). Even though the membership functions are Gaussian, the 
output is Boolean for the tension limit. The overlaid system receives a Boolean which is either 
true in an error scenario or false if the process has been completed without errors. The 
Boolean conversion is done by using a comparator which becomes true as soon as the 
membership value rises up to 1. 
The combination of all membership functions and linguistic rules leads to the overall fuzzy 
controller shape as reported in Figure 25. 
 
  
59 | P a g e  
 
 
Figure 26: From top left to bottom right panel, the Stage 1, 2, 3 and 4 membership 
functions with their linguistic rules, respectively 
Table 3 shows the linguistic rules for stage 4. The abbreviations are defined as in Figure 25, 
‘TIGH’ is the Boolean showing the tightening is completed (true ‘T’ if the process is still 
running, ‘F’ if the process is finished) and ‘TL’ describes if the tension limit of the bolt has 
been reached (true ‘T’ for reached, false ‘F’ if not). The normal torque (NT) also describes 
the control target, e.g. 60Nm.  
  






Torque Angle Tension 
Limit 
Voltage TIGH TL 
LT AL BE VP T BE 
LT AD BE VP T BE 
LT AH BE VP T BE 
NT AL BE VP T BE 
NT AD BE VZ F BE 
NT AH BE VZ F BE 
HT AL BE VP T BE 
HT AD BE VN T BE 
HT AH BE VN T BE 
LT AL CL VP T CL 
LT AD CL VP T CL 
LT AH CL VZ F CL 
NT AL CL VP T CL 
NT AD CL VZ F CL 
NT AH CL VZ F CL 
HT AL CL VP T CL 
HT AD CL VZ F CL 
HT AH CL VZ T CL 
LT AL RT VZ F RT 
LT AD RT VZ F RT 
LT AH RT VZ F RT 
NT AL RT VZ F RT 
NT AD RT VZ F RT 
NT AH RT VZ F RT 
HT AL RT VZ F RT 
HT AD RT VZ F RT 
HT AH RT VZ F RT 
 
Table 3: Stage 4 linguistic rules 
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3.4 Validation 
3.4.1 Experimental set-up 
The previous section introduced a 4-stage fuzzy controller performing bolt tightening with 
error detection. In order to validate the system in an industrial software and hardware 
environment, the controller was initially implemented by using the MATLAB/Simulink 
Programming Language and then imported into the Beckhoff TwinCAT 3 system by means 
of MATLAB coder. The controller is then executed at a cycle frequency of 2 KHz (i.e. with 
a cycle time of 500µs). This cycle time was selected due to the speed requirement of the 
tightening process. 
The tightening tool (model DSM BL 57 – maximum torque performance of 140 Nm) was 
mounted to the end-effector of the Fanuc M6i-B robot arm. During a regular tightening 
procedure, the robot picks and places an M24 nut on the top of another M24 bolt; rotational 
tightening speed was realised by the voltage command, whereas integrated optical encoder 
and torque sensor - integrated within the tool - measured the angle and torque, respectively. 
Finally, the fuzzy controller was interfaced with the angle and torque values, as the inputs, 
and with the voltage control and error code as the outputs. 
A washer sensor (MecSense KMR 50 KN), for measuring the clamping force, was also 
inserted between the nut and the flange in order to measure the effective performance of the 
tightening process. Generally, the clamping force depends on multiple factors such as the 
applied torque, the relative angular positions between the bolt and nut threads, the geometric 
and mechanical characteristics of their contact surfaces [60] [29]. Usually this sensor is not 
installed in the physical assembly line and is only used for verification. 
3.4.2 Validation Scenarios  
Regular tightening processes as well as sessions for testing the error detection capabilities 
of the control algorithm were performed. In particular, to test the error detection capabilities 
diverse error scenarios were set up during the tightening processes. The error feedback is set 
up by using a Boolean flag within the PLC which returns the actual torque, angle and stage 
values as soon as an error detection occurs.  
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Finally, the performance of the fuzzy controller was also compared with the ones of a 
classical industrial PID controller for normal tightening process. 
3.4.3 Error recognition performance 
To validate the controller and its capability in order to detect the errors, six experimental 
sessions were performed within different Scenarios (S1 – S6). For each session, at least eight 
trials were performed for each session. At the beginning of each trial, the tightening tool 
loaded the nut and was positioned in front of the bolt; then the controller was started and 
runs until the tightening was completed or until any error detection occurred. 
The desired torque level is depending on the application’s specification. In the wind turbine 
assembly high torques are required for the hub assembly based on the specifications. Based 
on the specifications, the PLC sets the membership function parameters for the desired 
torque and angle and starts the controller. 
The six scenarios (S1-6) are intended to replicate the typical errors which may occur while 
wind turbine assembly is performed by an operator. These scenarios were conceived and 
designed in order to cover diverse corresponding error detections within the four stages of 
the tightening process. These are the six scenarios that were experimentally validated: 
1. Regular tightening (S1): no error detection was expected within this scenario, since a 
correct M24 nut was positioned within the tightening tool and in front of an M24 bolt. 
2. Misalignment error (S2): the tool and the nut were erroneously positioned with respect 
to the bolt in order to replicate the misalignment (Figure 27); the error detection was expected 
to occur at Stage 1. 
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Figure 27: Misalignment error: The robot places the nut on a faulty angle which 
causes the nut to be stuck on the bolt as soon as tightening process is started. 
3. Jamming error (S3): a non-metric nut was tightened on an M24 bolt, therefore an error 
was expected to be detected at Stage 2, since the torque level would rise up to an undesirable 
level at this stage. The threads of the nut and the bolt were also expected not to grab on to 
each other, due to their different geometric shapes. 
4. Insertion of two washers (S4): in this scenario one additional washer was included to the 
original washer of the bolt (Figure 28) and the system was expected to recognize its presence 
during Stage 3 or early in Stage 4 because the torque level would reach a too high value within 
Stage 3. The torque level would also stay high with a low angle level in Stage 4. 
 
Figure 28: The ‘two washers’ error scenario: The 2nd washer will cause an error 
detection within Stage 3 or 4, since the desired angular position of the nut will not 
be reached. 
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Figure 28 shows a “two washers’ error scenario. In this case the tightening angle cannot be 
reached according to the assembly specifications. Therefore the torque level increases before 
a specified angle is reached and an error is detected. 
5. Missing nut (S5): to simulate a mistake of the operator, the nut was removed from the 
tightening tool (Figure 29). In this situation the controller error detection was foreseen at 
stage 3, because no increase in the torque was expected and the angle should run in the high 
angle range of stage 3. As shown in Figure 29, the tightening tool spins on the bolt as there 
is no nut which can cause an increase of the torque value. This should cause an error since 
the controller is expecting a rise in the torque during the stage 3. Finally, the nut runner is 
touching and spinning on the washer since there is no nut in the set-up. 
6. Wrong bolt versus nut (S6): the proper M24 nut was replaced with an inappropriate M14 
nut; therefore a smaller nut was used with respect to the M24 bolt. In this situation, the 
controller runs into stage 3, as the torque level remains on a low level and the ‘wrong bolt’ 
error should finally occur at stage 3. This type of error can also imply that a too small nut-
runner was installed; hence, the nut needs to be picked and placed on the bolt. 
 
Figure 29: Missing nut scenario: the tool is touching the washer as soon as it is 
placed on the nut, because of the missing nut. 
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During all the experimental tests, the following two parameters were used to measure the 
system performance: 
 Percentage of successful trials, i.e. trials in which at least one error message was detected. 
 Percentage of trials in which the error message occurred within the proper and expected 
stage. 
3.5 Results 
3.5.1 Scenario 1 - regular tightening 
In this experiment, the control target is to reach a final torque value of 60 Nm as well as a 
tightening angle of approximately 2000°. This angle may change according to the installation 
of the bolt which causes different starting angles, depending on how the operator positions 
the bolt in the hole. 
Figure 30 summarizes the typical time history of the angle, torque, clamping force, stage 
and error during the trials within the regular tightening scenario (S1): the five black stars 
report the stage transitions, namely the beginning of the trial, the end of  1st to 4th stage and 
the trial end (1st, 2nd-5th and last markers, respectively); in the bottom right panel of the figure, 
the stage and error are shown in continuous and dashed grey lines, respectively: as it is shown 
in the figure, as soon as the fuzzy controller encounters any forewarning conditions, the error 
flag changes the status from 0 (i.e. no error detection) to 1 (error detected). 
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Figure 30:  One trial (out of 8) of regular tightening (S1): from top left to bottom 
right panel, the angle, torque, clamping force, stage and error time patterns, 
respectively. Black stars report the stage transitions.  
In summary: 
 The complete regular tightening process took less than 0.5 s to be completed within the 
4 stages. 
 The process is always completed with no error detection. 
 At the end of Stage 4, the average value of the tightening torque is tuned around the 
target value of 60 Nm (bottom right panel, Figure 31), whereas the angular position is largely 
distributed around 2000 (top right panel, Figure 31), due to variations in the initial 
installation of the bolt.  
 The order of magnitude of the clamping force is more than 13.5 KN (bottom left panel 
of Figure 31). This is the average targeted clamping force based on the torque/angle 
tightening algorithm, based on the targeted torque and angle levels.  
 The stage-by-stage time transition is quite regularly distributed on stage 1 and stage 2, 
whereas it is more extended on the stage 2 and 3 (top left panel, Figure 31). This is due to 
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To quantify these observations, the mean and two times standard deviations values of time, 
angle, torque and clamping force were calculated at each stage transition and presented in 
Figure 31 and Table 4.  
 
Figure 31: Average distribution (in grey colour bars) and two times standard 
deviations (black lines) of regular tightening (Scenario 1): from top left to bottom 
right panel, the time, angle, clamping force and torque respectively. 
 
The clamping force has been measured using a physical clamping force sensor. 
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 These results reflect and match the effective targets of the membership functions of the 
fuzzy controller. More specifically, the averaged time at which each stage transition occurs is 
equal to 0.018, 0.046, 0.414 and 0.446 s at the end of stages 1, 2, 3 and 4, respectively (Table 
IV); the two times standard deviation is always less than 5.4 % of the average, except in the 
beginning of Stage 2 and 4 (11.2 % and 21.5 %, respectively). 
 At the end of the stage 1, the distribution of the angular position is quite large, because 
of the trial by trial differences of the initial mechanical alignment between the tightening tool 
and the nut with respect to the bolt; no variability of the angle is found at the beginning of 
the next stage (8 ± 0) and during the other transitions the percentage of angle variation 
reduces at less than 6 %, except in the beginning of stage 4 where it is reduced by 23.9 %. 
 The clamping force is the result of the combination of multiple nonlinear factors and 
therefore it is quite hard to be predicted. Nevertheless, a significantly low distribution of the 
clamping force is registered at the end of the tightening (19.5 %), meaning that - thanks to 
the fuzzy controller - the process is highly repeatable, i.e. the fuzzy controller is effective in 
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Table 4: Regular tightening: mean and two times standard deviation 
of time, angle, clamping force and torque at each stage transition 
  
69 | P a g e  
 
dealing with uncertainties. This latter result is a clear sign of the system capability in order to 
simultaneously reach the desired tightening force at the desired angular position of the nut 
with respect to the bolt and flange, with an error distribution which stay at values of 6 % and 
5.8 %, respectively. 
 
These fuzzy controller results were compared to the ones produced by a PID controller, 
where the proportional, derivative and integral gains were obtained by a trial and error 
process for good performance.  The PID controller was employed for all 4 stages during 8 
trials of regular tightening. The average results of both the fuzzy and PID controllers are 
plotted into a Gaussian distribution of the final torque and angle, as shown in Figure 32. The 
results may change for the PID controller hence the gains may be modified if the bolt system 
changes. 
As it can be seen, within the Gaussian distributions, the accuracy of the fuzzy controller on 
the desired torque level is higher than the one of the PID controller. In fact, the mean ± 
standard deviation of the torque and angle of the fuzzy controller are equal to 60.553 ± 3.507 
Nm and 2066° ± 119.147°, respectively, whereas the same parameters of the PID controller 
are equal to 61.10 ± 5.25 Nm and 2100° ± 184°, respectively. As mentioned before, this is 
caused by the uncertainty of the angle which slightly varies due to the installation of the bolt. 
The fuzzy controller can address this issue by using expert knowledge incorporated in the 
rule base and membership functions. The final value is within a tolerance band and may be 
further improved if more rules and membership functions are introduced. Nevertheless, this 
approach may make the design of the fuzzy controller more sophisticated and therefore 
increases its computational cost. 
  
  





Figure 32: Comparison of the fuzzy controller to the PID controller in terms of 
final torque of regular tightening during 8 trials (left and right panels respectively). 
Figure 32 shows that the confidence level is higher and the reliability for the fuzzy controller 
is better. 
Furthermore, five more experiments have been completed using 70 Nm and 2100° as target 
values. Indirectly, the control target is the clamping force, which normally cannot be 
measured in real time during the tightening process hence there is no sensor washer in the 
assembly line to measure the clamping force.  
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Figure 33: Final Result for the clamping force 
Figure 33 shows the resulting clamping force after completion of the tightening process. 
The time delay is caused as the nut runs down from stage 1 to stage 4. The times may differ 
from the previous experiments since two new target values have been selected. 
During the tightening process the more torque is applied the more the bolt is twisted [61]. 
As soon as the tightening process is completed, the material relaxes, which means that the 
nut moves slightly back from its position (until it gets stopped by the friction between the 
flange, washer and the nut). 
 
Figure 34: Gaussian distribution for 70 Nm, 2100°   
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Figure 34 shows the Gaussian distribution for five experiments at the end of the settling 
effect. It can be seen that the clamping force can be reached on a reliable level, even though 
it cannot be controlled in real time by using the torque/angle tightening technique [15]. 
3.5.2 Scenario 2 – misalignment error 
 During all the trials of S2, the controller properly detected 100% of misalignments statuses 
within the proper stage, namely the 1st one (Table 5). At the error event, the average and two 
times standard deviations of the angle, and torque were registered, while no clamping force 
was detected because of the expected and early stop of the tool at Stage 1. All detections were 
discovered within the first 0.01 s (namely, 0.005 ± 0.007 s) of the tightening process, with 
the tool rotated of less than 1 and an applied torque of 12.1 ± 4.8 Nm.  
 
Table 5: Average and two times standard deviation of time, angle, 
clamping force and torque as well as error detection 
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ERROR SCENARIOS  DETECTION 
[%] 
DETECTION STAGE  
[%] 










100 100 - - - 
S3:  
Jamming 
100 10 90 - - 
S4:  
2 washers 
100 - - 33 67 
S5:  
Missing M24 nut 
100 - - 100 - 
S6:  
Small bolt,  big nut 
100 - - 100 - 
 
 
Table 6 describes the error detection distribution in [%] over each stage. It can be seen that 
the error has been detected for each scenario. 
3.5.3 Scenario 4 – insertion of 2 washers  
In this scenario, two washers were placed as shown in Figure 28 and the tightening process 
was started. The controller exhibited a 100 % performance over all the nine trials. The error 
was detected within the expected stage (i.e. stage 3), in three out of nine trials (33 % of 
performance). In all the other six trials the error it was detected at the beginning of the Stage 
4. Because during seven trials the nut and washers touched the flange, the variability of the 
clamping force was a little bit spread out (139%), whereas transition time and angle were 
centred on their averaged values (3 %) and deviation of the torque reached the value of 125 
Table 6: Percentage of successful detection over all the trials 
within each stage where the error was expected for each scenario 
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%. Similarly to Figure 31, a representative figure of the time history of all the parameters 
during the ‘insertion two washers’ scenario’ is reported in Figure 35. 
 
Figure 35: The two washers’ error detection occurring at Stage 4 during one trial 
(out of 9). 
3.5.4 Scenario 5 – missing nut 
The ‘missing nut’ was found in all the trials (100 % of performance) and within the expected 
stage, namely the 3rd one (100 % of performance – Table 5). Table 6 reports the time history 
of the average values of the angle, clamping force, torque and error during one representative 
trial. Consistent with the membership functions of the fuzzy controller, a very low variability 
of the angle was found (0.1 %), whereas the distribution of the torque and, as a consequence 
of the clamping force, was rather high. However, since the final torque and the angle levels 
are distorted and altered during an error scenario, these values can be disregarded. 
3.5.5 Scenario 6 – wrong bolt vs. nut 
Within this latter scenario, a 100 % of performance was registered both in terms of the 
detection of the error within all trials and within the expected stage (stage 3). Table 6 reports 
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to the S5 results, a small variability of the angle was found (6.2 %), whereas the distribution 
of the torque and of clamping force was in a wide range (377 % and 447 %, respectively). 
 
 
Figure 36: Average distribution (in grey coloured bars) and two times standard 
deviations (black lines) of the time and angle over all the different error scenarios S2 
- S6 (left and right panels, respectively) based on Table 5. 
 
In summary, Figure 36 shows the average times and angles for all error scenarios which 
have been reported before. The figure shows when and where the errors were detected in 
terms of time and angular position, respectively.  
3.6 Conclusion  
This chapter investigates the bolt tightening assembly in the framework of wind turbine 
hub assembly. The wind turbine hub contains up to 128 bolts which are used to mount the 
bearing onto the wind turbine hub. The assembly process requires to be completed with high 
accuracy level. 
The process under investigation is non-linear and suffers from uncertainties (such as 
variations in friction, angle, environment and material). Errors need to be promptly detected 
at an early stage to avoid any damage and to ensure that the assembly is completed according 
to the requirements and specifications. 
To address this issue, a model-free FLC has been designed and implemented, based on a 
physical system analysis. According to the analysed uncertainties, such as the variations of 
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frictions and angles, the tightening process has been subdivided into 4 stages to include 
specific knowledge about the tightening operation for each of the stages and also error 
recognition so that the FLC can return an error feedback incorporating information about 
the occurring stage.  
The FLC implemented on a real time industrial control system ensures that the spinning 
speed, during the critical times of the process, is reduced and the tool runs on the required 
specifications and proves to be able to reach a specific clamping force.  
Results have been compared with an industry standard PID controller. It has been shown 
experimentally that the new 4 stages FLC performs better overall, as its error is lower and it 
provided higher and constant accuracy as well as it is more robustly.. 
  
  




4. Chapter 3: Model-Based Self-Tuning PI Control of Bolt-Nut Tightening for 
Wind Turbine Bearing Assembly 
 
Chapter 4 outline 
Outline – The four stages fuzzy control strategy introduced in the previous chapter is able 
to perform the tightening process on a high reliable performance level. The difficulty of the 
bolt/nut system is the uncertainty and nonlinearity of the bolt system. Models can be derived 
theoretically or experimentally. Theoretical models may be difficult to form in a way that they 
reach the required accuracy and match the physical system. An experimental model may be 
more suitable as it can include a certain level of nonlinearity and uncertainty.  
This chapter shows a two stage control strategy, where a numerical model is derived 
experimentally and is used for PI tuning. At the same time, the derived gains may not be 
accurate as the model is not fully matching the physical system. The gains are then further 
fine-tuned by an online genetic algorithm which is directly applied to the physical system and 
learns its individual attributes. Therefore, the performance increased to a very reliable level. 
Compared to the previously introduced error detector based on fuzzy, the introduced error 
detector is based on a logic table. 
The two stage controller has been implemented within an industrial PLC (Programmable 
Logic Controller) based on a Phoenix Contact control system. It has been successfully 
validated and compared with the performance of other control strategies, such as model free 
approaches. It turned out that the tightening has been completed with high accuracy and all 
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Chapter four: Model-Based Self-Tuning PI Control of Bolt-Nut Tightening for Wind Turbine Braring Assembly
Design of a numerical 
bolt model
Offline Training of 
the PI controller
Online training of 
the PI controller
Validation of the 
control results
 
Figure 37: Chapter three structure 
4.1 Model-free control strategies 
Model-free control strategies can be achieved using fuzzy or neural network controllers, as 
described in [21] [51] [29] [52] - [62] [63]: with these controllers, an expert knowledge of the 
process is inherited within the plant to address all non-linear ties and error possibilities; some 
approaches presented in the literature even have the ability to detect errors occurring during 
the tightening [21]. The advantage of such an approach is that high accuracy can be achieved 
without the need for an explicit numerical model of the physical system [21], which models 
all the non-lineareties and uncertainties.  
One ideal control strategy for completing the tightening process is the introduced four 
stages fuzzy control tightening technique. It is a not based on a numerical model and the 
control target can be reached using membership functions and linguistic rules which 
incorporate knowledge to the bolt system and error scenarios [21] [11] [16] [29]. 
PI control is one of the most popular techniques that can be used for the automation of 
the tightening process and it usually performs well on linear systems. Nevertheless, a bolt-
nut connection system contains a linear component, which can be modelled as a spring 
system as well as highly non-linear components, which are difficult to include in a numerical 
model. In addition, the bolt system contains many uncertainties, caused by the presence of 
static and dynamic friction occurring between the bolt and nut threads during the tightening. 
The non-linearity and uncertainty are normally similar for a set of bolts coming from the 
same package or manufacturer, as they may have been manufactured on a comparable level 
(leading to similar friction) and stored together (same temperature and environmental 
conditions). A different set of bolts may have different attributes and may require an adjusted 
tightening strategy. 
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The target for the tightening process is to reach a specific clamping force level which is 
directly depending on the angular tightening level. To perform this strategy, angle-based 
tightening methods have been applied [16], where the nut is run down the bolt until the 
former one touches the flange and is tightened to a desired angle level. The angle depends 
on the assembly specifications and on the involved coupling materials. According to this 
approach, many control strategies have been developed, which are based on state space 
control [11] or PI controllers. However, because of uncertainties including the environmental 
temperature effect, and of the presence of potential mechanical defects of the bolt [23] [24] 
[25] - [27], a typical PI controller, whose P and I gains are set to constant values, will have 
difficulties to perform with high accuracy in this case [28]: the control target might be reached 
[64], but the non-linearity of the bolt/nut connection may prevent the controller from 
operating optimally [21], as the control target may not be reached with the required accuracy. 
In order to take advantage of these different approaches, this chapter presents a model-
based PI control strategy, where the P and I gains are estimated using a numerical model 
describing the bolt nut system. Then the gains are combined with an online learning Genetic 
Algorithm (GA), where the values are fine-tuned to handle the impact on the controller by 
the non-linearity and uncertainties of the physical bolt/nut tightening system. Because an 
essential requirement of the wind turbine hub assembly is to recognize tightening errors 
before they can cause any damage [21], a logic based algorithm which runs in addition to the 
controller is implemented: this logic-based algorithm is based on the real-time monitoring of 
the torque and angular values which allow detecting several error scenarios such as ‘missing 
nuts’, ‘missing washers’, ‘wrong bolt sizes’, and ‘different thread types’. Whenever an error 
occurs, the system automatically switches off and reports the error typology to the operator, 
to allow rapid correction of the error and ensuring the continued execution of the assembly 
process. 
 It is noted that the fuzzy based error detector, which has been introduced in the previous 
chapter, implements the functionality using membership functions and linguistic rules. In 
contrast, the error detector implemented for the GA PI control strategy is based on a logic 
based algorithm, which is using comparators with different experimentally derived values 
describing an error. This error detector runs in parallel in real time to the PI controller and 
switches off the output of the PI controller in an error event. It should be pointed out that 
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the error detector of the four stages controller is gently decreasing the output of the controller 
to slow down the tool before the error event occurs. This minimizes the remaining kinetic 
energy in the tool and therefore the risk of physical damages. 
4.2 Control Architecture, System Identification and PI Self Tuning 
To provide an accurate control architecture, the bolt-nut connection needs to be modelled 
in such a way that that the controller can cope with several uncertainties. To achieve that a 
model of the system should be designed, taking into account the behaviour of the nut on the 
bolt. At first, a preliminary model is estimated from experimental data of bolt tightening, and 
then a set of PI gains is estimated based on this model. Since the model does not properly 
incorporate all uncertainties, a GA is then introduced to fine tune the PI gains: this second 
phase is performed online, where the initial model-based PI gains are fine-tuned by setting a 
boundary limit around them in which the GA estimates the best gains (see Figure 38). The 
control target is to run the nut to an accurate angular level in order to achieve a specified 
clamping force level. This double stage set-up, where in the first stage the PI parameters are 
identified on a model and in the second stage the PI parameters are further fine-tuned using 
an online GA, has the clear advantage that precise control values can be estimated based on 
the combination of a general PI values estimation added to an online GA estimation process, 
which adapts and refines the optimal parameters for each set of bolts. It is noted that the 
each nut/bolt interface introduces different uncertainties and non-linearity. 
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Offline Training of PI 
controller  on numerical 
model
Online Training of PI 
Controller on real system 





Figure 38: Flowchart of the control strategy and training process 
4.3 System analysis and identification of the M24 bolt system 
An experimental scenario has been prepared in order to emulate a semi-automatic wind 
turbine assembly procedure: a tightening tool - model DSM MDW140, DSM Messtechnik 
Germany - is mounted on an industrial robot arm (Fanuc M6-iB) which moves the tightening 
tool from one bolt to the next on the wind turbine hub (Figure 39). A bolt bench or 
customized clamp is employed to prevent backwards torque being transmitted into the robot 
arm: the clamp is attached to the robot and grabs onto the flange. The tightening tool 
integrates a torque sensor and an encoder, allowing to monitor the torque applied to the nut 
and its angular displacement as a function of time, respectively. A magnetic socket at the end 
of the tool allows picking M24 nuts and tightening nuts on the respective bolts (M24 bolts 
and nuts are commonly used in this type of application). To measure the effective and final 
clamping force, the system is integrated with a clamping force sensor, model MecSense AST 
50KN (Figure 40). The effective clamping force settles after completing the tightening 
process to the final clamping force. 
 
  




Figure 39: Fanuc Robot with the bolt tightening tool 
 
Figure 40: Experimental bench with the clamping force sensor, the M24 bolt and 
the tightening tool 
To estimate the bolt system model, the servo drives of the tool and gearbox and the bolt as 
well as the nut need to be included in the model design. To characterize a general state-space 
model, the MATLAB System Identification Toolbox (the Mathworks Inc.) has been used. 
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desired clamping force on the flange, where the bolt-nut tightening occurs, as it is typically 
specified within the assembly requirements for each individual assembly item.   
In order to identify the numerical model describing the input (Voltage as speed signal) and 
output (tightening angle), a sine wave voltage signal is applied to the tool as soon as the nut 
is engaged with the bolt. The same sine wave in the form of 
v = A ∗ sin⁡b(t) (3) 
is applied 100 times (1 Hz, 4V) to drive the nut up and down along the bolts thread while 
recording the system response in terms of angular displacement. The operating range of the 
angular displacement has been set between 0° to 70°, where the zero position is at the point 
where the nut touches the flange. At this stage, it is important to observe that the clamping 
force is not represented within the model, as the desired clamping force is directly related to 
the angle. The clamping force cannot be permanently measured in the assembly line (the 
Sensor in Figure 40 is only used in test environments) 
The experimental data are then used and the numerical model is identified by assuming a 
linear system model: 
dx(t)
d(t)
= 𝐀x(t) + 𝐁u(t) 
 
(4) 
y(t) = 𝐂x(t) 
 
(5) 










0,001006 −0,0070 −0,0325 0,01128 −0,0112 −0,011 0,01547 0,034
−0,0294 0,2774 −35.415 0,1921 −3,8959 −2,8667 1,4899 6,7001
−0,0093 32,3713 −2,579 4,7173 −5,991 −2,3723 5,9476 5,605
−0,0156 0,1534 −1,9704 −0,2615 16,0768 4,8054 −2,5879 −2,8243
−0,0056 0,6292 1,1228 −11,363 0,235 −10,031 3,9161 12,914
0,0503 0,7567 −0,6807 −2,6266 8,6707 −0,7461 3,5759 7,603
0,0385 −0,7156 1,332 1,3684 −0,351 0,7911 −6,8495 −70,43
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𝐂 ∈ ℝ1x8matrix:  
𝐂 = [−0.0001 5.2131 −5.8923 −7.2507 1.5741 0.6202 −5.5276 1.2935] 
The B Matrix shows rather low values, which, as a consequence, cause high P values for the 
control strategy, however, the real system is physically limited with regards to the range of its 
input values, and hence the analog input voltage is limited. Therefore, for any PI estimation 
method, this needs to be considered before the control strategy is finalised. 
The result of the simulated model compared with real experimental data shows a fitting 
accuracy of 95.04 %. This matches the system quite well, however, the model does not cover 
the uncertainties and non-linearity. 
Although the size of the model increases with its order, it is found that the experimental 
data is matched best with an 8th order state space model. It is noted that, since the real 
assembly system has variations in friction between the nut and the flange as well as between 
the threads, the model needs to be identified for each assembly system (i.e. the tightening 
tool) and for any bolt size. 
It needs to be considered that the model may change if a different type of bolt has to be 
used; hence attributes such as the friction, the tension limit and the desired angle range may 
change. This constraint clearly implies that the model has to be re-identified and re-designed 
for each size of the applied bolts. The tension limit is the maximum tension force, which can 
be applied to the bolt before it reaches its plastic region [16]. The approach also considers 
error recognition. Bolts can be damaged, have the wrong stiffness, wrong threads or sizes 
with regards to the used nuts. It is essential that such issues are detected before the assembly 
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is complete. Ideally, the tool should stop immediately when an error occurs to prevent any 
physical damage. Further error scenarios have been defined in the validation section. 
4.4 Applying the genetic algorithm 
The identification of the general bolt model leads to the second stage process based on a 
genetic algorithm (GA), employed to adapt and optimize our PI control loop strategy (see 
Figure 41). The PI approach has been chosen for its simplicity, as only two gain parameters 
need to be tuned. However, any other control strategy (e.g. state space control) can be used 
and, as demonstrated here, the parameters can be fine-tuned using a GA.  
 
Figure 41: PI control loop 
Within the control loop the ‘stage 1’ angle-model (i.e. the ‘Plant’ block) has been integrated 
in order to simulate the system response of the tightening tool. Then, a standard GA [16, 32] 
is implemented in real time which optimizes the step response of the PI controller subject to 




)()()()( RuuWxx      (6) 
where is the system state, 
mt )(u  is the control signal, nnW0  and 

0 Rmm 
are user-defined weighting matrices, 0tt is the time period of the optimization taking place. 
By minimizing the performance index J (or the fitness function using GA terminology), the 
energy consumed by the system states and control signal is minimized according to the 
weights specified in W and R. 
The GA-based optimization process is shown in Figure 38. In the first step, the numerical 
bolt model is used for training, where the PI gains are at first generated randomly. Once this 
is completed, the PI gains are further fine-tuned on the physical tightening system. Then, the 
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PI-controlled system is evaluated by using the performance index J, which has been reported 
in Eq. (6). The GA evolves the PI gains in the next iteration aiming to improve the control 
performance measured by the performance index J. This process is repeated until a stopping 
criterion is met. The criterion is defined by a further improvement of the step response and 
is fulfilled when it is dropping below a performance level, where a further improvement of 
the control strategy is not possible. 
The used real-coded GA is standard and uses roulette wheel selection (cost weighting 
selection), arithmetic crossover and non-uniform mutation. The chromosome is chosen to 
be [P, I], the lower and upper bounds of P are -100 and 100, respectively; the lower and upper 
bounds of I are -10 and 10, respectively; the population size is 20; the probabilities of 
crossover and mutation are 0.8 and 0.05, respectively.  The number of iterations is 500. The 
genetic algorithm stops when the maximum number of iterations has been reached. The 
optimal values of P and I are found to be P = 99.999 and I = 4.7244, respectively, with the 
following weights: W = diag{1, 0, 0, 0} and R = 30 as shown in Formula 6.   
4.5 Error detector 
The error detection function of the controller is implemented as follows: in addition to the 
PI controller a logic-based rule table is implemented performing two main functions, (i) run 
down the nut to the flange and (ii) initiate the tightening PI algorithm – with the main aim 
being to minimize the risk of mechanical damages. Different types of errors are defined, 
according to real bolt tightening scenarios, including misalignment of the nut, missing nut, 
damaged thread of the bolt or nut, and wrong coupling between the nuts and the bolt (or 
different thread type). Table 7 lists the defined error types and the typical behaviour of the 
torque and angular patterns for each case. It is noted that the torque and angular conditions 
are related via an AND logical operator, meaning that, for example, a misalignment error 
scenario is detectable when the torque value is more than 10 Nm AND the angular value is 
less than 15°. More error types can also be integrated by extending the logic of the table, as 
reported in [49]. 
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Error Type Torque level Angle level 
Nut misalignment 
(jamming) 
high (above 10 Nm) low (below 15°) 
Missing nut  low (below 5Nm) high (above 50°) 
Damaged bolt (cross 
thread) 
high (above 10Nm) medium (15° - 47°) 
Different thread types high (above 10Nm) low-med (0°- 47°) 
Damaged nut thread  high (above 10Nm) low-med (0°- 47°) 
The values for error detection (both for torque and angular level) depend on the assembly 
specifications and are based on the control target and the bolt size. 
4.6 Validation of the control strategy 
As described in 3.3, the system set-up of Figure 40 has been integrated with a clamping 
force sensor, to validate the model. The set-up contains an M24 bolt and the tightening tool; 
the test rig is attached to a bench and accommodates the recording of the clamping force 
(see the Figs. 3 and 4). 
To validate the controller in an industrial environment, the two-stage control architecture 
and error detector have been implemented using the MATLAB Programming Language (the 
Mathworks Inc.): a Simulink model has been prepared and implemented with the MATLAB 
Coder, to generate a real time C++ code. The code has been imported into a Phoenix Contact 
Industrial Control system [59] and executed in real time with a cycle time of 1ms: relating to 
the set-up shown in Figure 39 and Figure 40, the nut has been positioned at the end of the 
bolt and is then run down to the flange with the tightening tool, to bring it to a specified final 
position where it touches the flange. The PI controller is switched on at the time when the 
nut touches the flange, which is defined as 0°.  
Table 7: Error detection values; an error flag is set based on comparators for the set values  
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A first set of tests has been performed at three operating points, namely at 28°, 40° and 
45°. Ten trials have been conducted for each one of the operating points and a statistical 
analysis has been carried out. These three operating points have been also simulated and 
simulation results have been compared with the experimental ones.  
A second set of tests has been performed to measure the error detection capability; several 
error scenarios were set up and successfully detected by the system. 
At first, the GA runs on the model in a simulation environment to pre-estimate useable PI 
Gains which will be further fine-tuned in the 2nd step.  
4.6.1 Response of the system with deactivated GA stage 
4.6.1.1 Tightening angle set to 28 
As a first operating point, the angle has been set to 28°. The control loop has been 
implemented and simulated within the Matlab Simulink environment and it has led to the 
following system response as it is shown in Figure 42.  
 
Figure 42: Simulation result for a tightening desired angle of 28° 
At this point, the same target angle of 28° has been set-up on the real tightening system and 
the system response has been recorded. This leads to the behaviour reported in Figure 43. 
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 A time drift can be noticed between the two plots due to the fact that, while the simulation 
plot begins at t = 0 s, the experimental one starts after the acquisition of the data was switched 
initialized (i.e. t = 0.49 s). Therefore, the initial condition is the same in the simulation. 
 
Figure 43: System response for a tightening desired angle of 28° 
It can be noticed that no overshoot is observable in the experimental results. This is due to 
the mechanical limitations of the tightening tool: in fact, the control signal became too small 
to be able to drive the tool against the internal friction of the gearbox, which is the friction 
between the nut and the flange, of the servo drive and of the tightened bolt. Therefore, it 
stops at this point and the angle settles. 
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Figure 44: Clamping force for a desired tightening angle of 28° 
The clamping force has also been recorded during the experiment and it is shown in Figure 
44. It is starting from a low level, which is caused by the pre-tightening (where the nut touches 
the flange) - when the nut has been placed and run down to the flange with no specific angle 
or torque level - and then it is rising in a similarly way of the angle.  
Target Angle Mean Standard Deviation 
28° 27.8° 0.7012 
40° 39.75° 0.9 
45° 44.2° 0.8367 
Table 8: Mean and standard deviations of the PI controller (not GA optimized) 
The trials have been repeated five times and the average and standard deviation of the angle 
and force have been reported as a statistical Gaussian distribution in Figure 45. Noticeably, 
the graph of the clamping force contains a certain level of noise which is caused by the 
measurement. The Gaussian distribution shows that the clamping force confidence level is 
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slightly lower than the angle confidence level. This is due to friction uncertainties of the bolt 
and it also depends on the twist level of the bolt. When a bolt is tightened it gets slightly 
twisted which has an effect on the clamping force. 
 
Figure 45: Gaussian distribution for all experiments for a desired tightening angle 
of 28° 
The same experiment has been carried out at the operating points of 40° and 45° with very 
similar and consistent results.  
4.6.1.2 Tightening angle set to 40 
The initial simulation result for 40° is shown in Figure 46 and it displays an overshoot of 
about 10°. The physical controller’s desired value has been set to 40° and the experiments 
have been re-executed. The angular and clamping force time patterns are reported in Figure 
47 and Figure 48, respectively. Similarly, five trials have been performed and their statistical 
analysis is graphically shown in Figure 49.  
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Figure 46: Simulation result for a desired tightening angle of 40° 
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Figure 48: Clamping force for a desired tightening angle of 40° 
 
 
Figure 49: Gaussian distribution for a desired tightening angle of 40° 
4.6.1.3 Tightening angle set to 45 
Finally the same approach has been followed on the third operating point, namely at 45°. 
Five experiments have been carried out with comparable outcomes, as it is shown in Figure 
50, Figure 51, Figure 52 and Figure 53.  
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Figure 50: Simulation result for a desired tightening angle of 45° 
 
Figure 51: Step response for a desired tightening angle of 45° 
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Figure 52: Clamping force for a desired tightening angle of 45° 
 
Figure 53: Gaussian distribution summarizing all experiments for 45° 
4.6.2 Combining the genetic algorithm with the PI controller 
The model is not accurate since it does not include all non-linear components and 
uncertainties of the system. This can be overcome by using a GA online algorithm, which 
further analyses the physical system. The previously estimated PI values have been included 
in the PI algorithm and the boundaries have been set to ± 30 at the P value as well as ±15, 
which have been identified experimentally. 
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For the real system the GA has been modified in a way that the PI values match the physical 
limit of the tightening tool. The tool is voltage driven which sets a speed signal to make the 
tool spinning. Therefore, the maximum P value has been estimated at 130 and I value 
boundary has been set between 0 and 20 (a negative I value turned out to stop the tool from 
working accurately). Furthermore, the GA has been applied and it returned a result of P= 
113.82 and I= 10.11. This is within the boundary set around the gains which have been 
estimated in the model. 
The results have been tested on the physical system and with different values of the desired 
tightening angle. A new experiment has been carried out to outline the performance on a 
different operation point which is still in the operation range of the defined model. One 
sample result is shown in the figure below, targeting an angle of 31°:  
 
 
Figure 54: Tightening angle for a desired value of 31° 
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The oscillation at the end of the step response is caused by noise on the system. It shows 
that the control strategy can also be used on various angle levels which are within the 
operating range of the model. 
Summarizing, the Gaussian distribution for this angle has also been estimated based on 100 
Experiments, as shown in Figure 55. 
 
Figure 55: Gaussian Distributions for a desired tightening angle of 31° 
As it can be seen in the Gaussian distribution, accuracy has been significantly increased 
compared to the previous experiments where the results are entirely based on the estimated 
gains based on the numerical model.   
Concerning the error detection capability of the algorithm, the logic based algorithm which 
is on top of the PI Controller, constantly compares the torque and angular values with 
defined thresholds describing error scenarios, as shown in Table 7. Five different error 
scenarios can be automatically detected: nut misalignment, missing nut or jamming, damaged 
bolt or cross thread, different thread types and damaged thread of the nut. A ‘misalignment’ 
condition is always detected when the measured angle is lower than 15° and the torque 
amount is more than 10 Nm. Similarly the ‘missing nut ‘ condition is promptly detected as 
soon as the torque value is lower than 5 Nm and at the same time the angular position is 
greater than 50° and so on. All the threshold values of the torque and angles have been 
predetermined by means of preliminary trials in which the diverse error conditions have been 
tested. 
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Another error type is a wrong stiffness of the bolt or a damaged bolt which may not be able 
to provide the desired clamping force. This can be detected by estimating the deviation of 
the torque during the run down – if it stays constant the tension limit of the bolt has been 
reached. If the desired angle has not been reached at that time, the bolt is not able to provide 
the clamping force, which means that it is either structurally damaged or has the wrong 
stiffness. For testing, the error scenarios have been set up and 20 experiments have been 
carried out. 
Error Type Torque level Angle level 
Nut misalignment 
(jamming) 
All trials above 10Nm All trials below 15°  
Nut missing All trials below 5Nm All trials above 50° 
Bolt damaged (cross 
thread) 
All trials above 10Nm All trials between 15°-47° 
Different thread types All trials above 10Nm All trials between 0° and 
47° 
Nut thread damaged All trials above 10Nm All trials between 0° and 
47° 
 
The error detector has been tested and it turned out that (as expected) it works with one 
cycle delay. The Phoenix Contact system executes the program cyclically with 1ms, meaning 
that all errors have been detected within 1ms and the system switched off to prevent any 
physical damage. When an error is detected, a flag is set which stops the PI Controller. Once 
the error situation is resolved the flag can be reset and the tightening process can continue. 
4.7 Discussion 
The presented GA can be used for the design of a well performing PI controller. The bolt-
nut physical system has been modelled as a state space model (step 1) and then used to 
estimate an accurate set of PI values of the controller based on the GA (step 2).  
Table 9: Error detection results 
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The operating range of the model has been defined from 0 to 70°: the tightening tool has 
been placed on an M24 bolt and a sine wave applied to estimate the system response for as 
many input values as possible. During this estimation, the nut has not touched the flange and 
ran on the bolt shaft only (since otherwise, due to the tightening tool performance limitations, 
the angle range could not have been covered). The actual performance of the model based 
controller has been validated in three operating points, namely at a desired tightening angle 
of 28°, 40° and 45° The online fine-tuned GA based controller has been tested on a new 
target angle of 31° where it showed a significant improvement. 
The GA has been prepared for this application and the results have shown that 100 
iterations estimate a more accurate set of PI value than the original model based estimation. 
It turned out that the introduced number of iterations is sufficient to correctly estimate the 
set of the PI values. Further iterations may improve the PI values further, but the mechanical 
constrains of the tool will not take advantage of that. The values have then been used in a 
discrete PI controller within a Simulink model and converted into real time C++ Code to be 
imported into a Phoenix Contact industrial PC for the real time execution. 
The controller has been simulated using Simulink and the results have shown an overshoot 
of the desired value. When the same angle has been set to the physical tightening tool it 
turned out, that the overshoot was rather low compared to the simulation. This is due to the 
mechanical limitations of the tool, since its servo motor is driving both an integrated gear-
box and the actual nut, which is running on the flange (introducing additional friction). This 
requires a higher input signal but, as soon as the controller is getting close to the desired 
value, the input signal becomes too low to cause the overshoot and the system settles at the 
desired value.  
Figure 51 shows an oscillation which is also due to the fact that the input voltage of the 
tool is low as the control target has been reached but still high enough to move the tool where 
it causes this oscillation. Furthermore it also needs to be considered that the nut and the nut-
runner have a little bit of mechanical play. The nut has been tightened to the desired 45° and 
the tool oscillates by 1° but, as soon as the nut has reached the desired angle, it will stay there 
since there is friction between the flange and the nut. In fact, the 1° oscillation is within the 
play range of the nut-runner.  
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The obtained clamping force can be reached within specific thresholds and has a lower 
confidence level than the actual tightening angle as it can be seen in the Gaussian distributions 
(Figure 45, Figure 49 and Figure 53 show the fine-tuned result which was not achieved online, 
while the final online result is shown in Figure 55). This is due to the uncertainties of the 
friction between the bolt’s and nut’s threads as well as to the uncertainties of the friction 
between the nut and the flange. The Gaussian distributions also show that the range is within 
an acceptable threshold.  
In [21] a similar problem is analysed by using a model-free fuzzy control application 
approach. By comparing the results of this paper it can be seen that the PI controller provides 
a higher performance after GA tuning. The PI controller now includes most non-linearity 
and uncertainty. However, if a new set of bolts is introduced the gains may need to be fine-
tuned again. 
4.7 Summary 
This chapter introduces an innovative way to address the highly important assembly 
problem of the wind turbine bearing.  
The proposed approach uses a GA in order to estimate the best PI control parameters. In 
order to do this, a detailed state-space model has been derived using MATLAB System 
Identification Toolbox and the algorithm has been applied to the state-space model. Once 
satisfactory values have been found the controller has been simulated for three operating 
points and also tested on the physical bolt system. It turned out that the derived PI values 
provide an acceptable performance. This has been verified by doing several experiments for 
each operation point and summarizing them in a statistical analysis.  
The described approach is part of a novel learning strategy which can be applied in the wind 
turbine hub assembly process. 
  
  





5. Chapter 5: Comparison of the control concepts 
 
 Chapter 5 outline 
This chapter compares the model free fuzzy control strategy with the model based 
controller. It shows the advantages of the model-free fuzzy controller which can be used on 
various other assembly processes which includes bolt tightening processes, such as the 
aerospace manufacturing industry. 
Different error detectors based on fuzzy control and a logic based algorithm are also 
compared to its performance. 
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Figure 56: Chapter 4 structure 
5.1 Performance comparison 
Comparing the performance of the four stages fuzzy controller with that of the model based 
self-tuning PI controller, it should be noted that the basis of these control strategies is 
completely different. The PI controller will start when the nut touches the washer at the 
flange, whereas the four stages controller will start when it is placed on top of the bolt. The 
Gaussian distributions are compared based on overall performance level. 
A model-free control strategy can more easily integrate the non-linearity as well as the 
uncertainty of the system and provide a constant performance level. The performance of the 
fuzzy controller is always constant as its parameters are not based on any numerical model.  
A model-based strategy based on a PI controller can perform well on a numerical modelled 
system, and on linear systems in particular. For the bolt tightening application, the control 
system is non-linear and the performance may not be initially as good as when using the fuzzy 
controller. By including a genetic algorithm, the non-linearity and uncertainties of a particular 
set of bolts can be learnt. 
Figure 57 shows a comparison between a classical PID control design using the rule of 
Chien, Hrones and Reswick [65] and a fuzzy control strategy. 
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Figure 57: PID vs. Fuzzy 
The model-based approach estimation of PI values may provide better gains. However, due 
to the non-linearity’s, the overall performance will initially vary, as the PI gains need to be 
fine-tuned. 
The other tightening control result (Figure 58) for the final tightening angle shows the final 
angle after training of the Genetic Algorithm. The gains are now fine-tuned and the average 
distribution of the final tightening angle is now lower than before. This shows that the genetic 
algorithm adapted to the non-linearity and uncertainty of the bolt system. 
 
Figure 58: PI fine-tuned Controller using a Genetic Algorithm after training 
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Comparing the distributions of Figure 57 and Figure 58, it can be seen that the final 
distribution for the tightening angle is at best for the fine-tuned controller after adapting to 
the non-linearity of the system.  However, there are fundamental differences in each control 
strategy which need to be considered. 
The PID controller shown in Figure 57 is based on a practical approach which is providing 
approximate PID values (rule of Chien, Hrones and Reswick), the result is not as good as the 
GA self-tuning algorithm, the performance before the offline training process may be similar 
to the Chien, Hrones and Reswick approach, since the numerical model for the initial 
estimation of the PID parameters is not accurate enough.  
The high performance shown in Figure 58 will only be reached using the online training 
which further improves the tightening angle result to the shown level. It needs also taken 
into account that the bolt system changes if a new set of bolt is introduced from a new 
package of bolts with different levels uncertainties and non-linearity’s. The performance will 
then drop again to the level before training. The genetic algorithm needs to retune the gains 
of the PI controller again to reach the optimal performance level. 
Lastly, the four stages fuzzy controller is compared with the Chien, Hrones and Reswick 
based PID controller as well as the GA based controller. 
Since the fuzzy controller is a model free approach, it provides a constant performance, even 
though the non-linearity and uncertainty may change. Furthermore, it is possible to run the 
controller on different speeds when the controller runs down the nut on the bolt and 
performs the tightening. In addition, the error recognition is directly integrated into the fuzzy 
logic which allows speeding down the controller when torque and angle levels become 
critical.  
The four stages fuzzy controller is based on the torque angle tightening technique. The PI 
and PID controllers are solely based on the angle tightening technique. They can be 
combined to a single controller which will control both the torque and the angle, but this 
means that two PI or PID controllers need to be introduced with an individual numerical 
model for torque as well as for the angle.  
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Summarizing, the best control strategy is the fuzzy control strategy with regards to error 
detection and performance. Even though the accuracy significantly increases with the fine-
tuned GA PI Control strategy, this occurs only after the training process has been completed. 
Therefore, the first hub with three blades (each bearing has up to 128 bolts, so 384 bolts in 
total) will not have the tightening completed on a constant level. Only when the GA has 
improved the gains of the PI controller, the final tightening results achieves a high accuracy 
as shown in Figure 58. The fuzzy controller includes expert knowledge about the tightening 
process using membership functions and linguistic rules rather than a numerical bolt model. 
The integrated expert knowledge allows to provide a constant control result – the final torque 
and angle levels will always be reached. Therefore, the four-stage fuzzy controller is the best 
option for the wind turbine hub assembly process. 
5.2 Error detection capabilities comparison 
The error detection capabilities have been compared for both the four stages fuzzy control 
strategy as well as for the genetic algorithm based self-tuning PI controller. 
Both strategies performed equally as far as error recognition was concerned. The fuzzy 
controller however has the extra advantage of running on different speeds which reduces the 
kinetic energy when an error occurs. Furthermore, due to the linguistic rules the tool slows 
down as soon as the control values indicate that an error scenario may be arising decreasing 
the kinetic energy in the tool and the bolt system even further. 
The logic based error detector, which has been implemented for the self-tuning PI control 
strategy showed 100% performance on all defined errors. However, it is a program which 
runs parallel to the PI controller. The controller output is depending only on the input error 
(e.g. the error in the tightening angle) and the output is therefore on its maximum. The 
tightening tool runs then on maximum speed and if an error occurs in this situation (e.g. 
when the nut is placed on top of the bolt) the maximum kinetic energy will be applied to the 
threads of the bolt and the nut. It did not cause any damage in the used set up but if a different 
bolt material is used in a different assembly application it may do. Therefore, summarizing, 
the error detector in the four stages fuzzy controller is the preferred solution.  
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  S1 S2 S3 S 4   
S2: 
Misalignment 
100 / 100 100 - - - >10Nm <15° 
S3: Jamming 100 / 100 10 90 - - <5Nm >50° 
S4: 2 washers 100 / - - - 33 67 - - 
S5: Nut missing 
(M24 nut) 
100 / - - - 100 - - - 
S6: Small bolt,  
big nut 
100 / 100 - - 100 - >10Nm 0°-47° 
 
The scenarios S4 and S5 are not included in the logic based error detector. This is due to 
the fact that it is using an angle based tightening technique where the nut runs down to the 
flange and the washer. As soon as it reaches the flange, there is a peak in the torque level 
which defines the zero angle position. Therefore, two washers or a missing nut cannot be 
detected. However, if a timer is used and the times are estimated experimentally, this can be 
integrated into the logic based error detector. 
The four-stage fuzzy controller defines its zero position when the nut is placed on top of the 
bolt. Based on the angle, the scenario S4 and S5 can be detected. 
  
Table 10: Comparison of all tightening trials 
  





6. Chapter 6: Outlook: Assembly of the wind turbine hub and the bearing 
Outline: Overview flexible wind turbine hub assembly 
This chapter extends the previous chapters to a wider concept to assemble the wind turbine 
hub and the bearings.  
The wind turbine is made out of several components and the three main components have 
been analysed to be included in a reconfigurable assembly strategy. The assembly for each 
item has been described and stored in a database.  
The assembly strategy is based on an agent which detects changes in the database and starts 
a search algorithm, based on Partial Order Planning (POP). 
The POP will combine the assembly steps by its pre- and post-conditions (causal links) to 
a complete assembly strategy. 
Summarizing, the strategy has been simulated in an automation environment. The results 
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Figure 59: Chapter five structure 
6.2 Outlook on agent based assembly of wind turbine hubs 
This chapter introduces agents and planning algorithms to be used in the assembly of the 
wind turbine hub. Wind turbines are constantly improved and their parts are upgraded on a 
frequent base as research and development continues [9]. In manual assembly lines, upgraded 
parts can be fairly easily integrated without the assembly line shutting down for this purpose. 
However, an automated assembly needs to be shut down and reprogrammed in order to 
integrate a new part. 
An agent is an in depended software program which acts autonomously to achieve goals. It 
can interact with other agents and with its environment and respond to changes and other 
actions [66]. It is gaining its information in real time and is connected with sensors and 
actuators in the manufacturing environment to interact with physical processes [67] [68]. 
Agents can be implemented using fuzzy logic for monitoring and diagnosis [69] and also 
for decision making processes [70] - [71].  
Since the assembly process contains several sub routines for each part of the turbine, an 
agent based automation concept can be introduced to provide the flexibility and adaptability 
for integrating changes and new parts. This concept can be combined with search algorithms, 
such as the partial order planning search algorithm which provide adaptability for changing 
and integrating a new assembly strategy of an item. 
Another way of implementing an agent for the wind turbine hub assembly is using a search 
algorithm, such as the Partial Order Planning algorithm (POP) [72]. The POP algorithm can 
be implemented within an agent. The agent starts the search algorithm in order to find a 
suitable assembly strategy based on the parts stored in the systems database. 
 
  
109 | P a g e  
 
The wind turbine contains several components and for each component assembly 
specifications need to be defined. The assembly specifications contain information on how 
the item should be assembled as well as pre-requirements and post-requirements which 
define what needs to be completed before the actual assembly (pre-state) and what can be 
done after the assembly of the part is completed (post-state). To design the strategy, the 
components of the wind turbine hub need to be analysed and their assembly strategy need 
to be defined. All these parts are stored in a system database. 
The hub contains three main parts, which is the hub body, the pitch system and the 
bearings. For this strategy it is assumed that the pitch system is already installed in the wind 
turbine hub.  
6.3 Structure for the agent based assembly framework 
The framework for the agent for the hub assembly has been planned as shown in Figure 60. 
It is an individual agent which can be linked to other agents in the assembly line (such as an 
agent for the assembly of the nacelle). Furthermore, the four-stage fuzzy controller and the 
self-tuning genetic algorithm can be integrated into the framework. 
 
 
Figure 60: Reconfigurable assembly strategy using an agent 
The shown strategy contains 5 main areas, the sensor input, the task recognition, the 
database and the adaptive controller as well as the assembly line.  
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Task Recognition: 
The task recognition block runs a search algorithm (POP) which is looking at pre- and post-
conditions of the assembly actions stored in the database. The algorithm will start to find the 
first action (which is the one without a pre-condition) and continues by searching for the 
next action where the pre-condition matches the post-condition of the first action. It will do 
that until it reaches the final action (which is the one without a post-condition). The task 
recognition block will remain active and constantly look at the database for an update. As 
soon as the database is updated the search algorithm will be executed again to detect a 
changed assembly instruction (action) for a changed item. It will then update the assembly 
strategy and download the strategy into the adaptive controller, which is directly linked to the 
assembly line. It should be noticed that while the search algorithm is running the actual 
assembly line is running as well and does not need to shut down for the update. The search 
algorithm can therefore work in parallel using several PLC cycles. 
Adaptive Controller: 
The adaptive controller is directly linked to the assembly line. It performs the actual 
assembly procedure, which means that it executes the assembly actions on the order the task 
recognition block has defined them and downloaded them into the adaptive controller block. 
It is noted that the update of the adaptive controller block requires only one PLC cycle; after 
which the new assembly strategy is immediately online. It just takes a few PLC cycles to 
complete the update process of the adaptive controller.  
Assembly Line: 
The assembly line block represents the physical factory assembly line connecting the 
actuators with the adaptive controller.  
Database: 
The database contains all actions, pre- and post-conditions, which are required for the 
assembly of the wind turbine hub. The database needs to contain the most recent part 
description plus an assembly instruction set (action) including its pre- and post-conditions 
which describe the required (pre-condition) assembly stage for the instruction set to be 
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completed as well as a description of the situation after completion of the instruction set 
(post-condition).  
The database is constantly monitored by the agent running the search algorithm (task 
recognition). The assembly strategy is at first created when the system is started and then it 
is continually updated when a new item is introduced to the database or when an item is 
modified or amended in its pre- or post-conditions or when the assembly instruction set is 
changed. 
Sensor Input: 
The agent based system requires real time information from the assembly line. The sensor 
input block symbolizes all the sensors in the system whereas the assembly line block (which 
actually includes the sensors) describes the actuators and the physical structure of the 
assembly line. 
6.4 Optimization using Partial Order Planning 
The Partial-Order Planning algorithm [72] is of special interest in this research case since it 
can be used and extended for automation approaches in the assembly industry.  
 
This algorithm is chosen because the strategy which it returns is always correct and 
complete. If the algorithm cannot return a strategy, the assembly actions and the pre- as well 
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The POP algorithm consists of three main parts, which are a set of ordering constraints 
describing the pre and post conditions of each step. The following actions can be defined for 
assembly process: 
 
1. Hub placement at the assembly station 
2. Hub preparation (Bolt hole check, installation) 
3. Bearing installation 
4. Bolt nut tightening 
6.5 Conditions for Assembly Actions 
Connections between the actions are given by pre and post conditions, which are defined. 
For action 1, the hub needs to be available, in a correct size and ready to be placed in the 
assembly station. Action 2 includes two internal actions, where the hub is prepared. The 
overall action requires the hub to be ready in the assembly line which is a requirement for the 
’bolt hole check’ action. This is followed by the bolt installation, where the bolts are placed 
in the turbine hub. Post-conditions are defined by fulfilling the pre-conditions. Bearing 
installation (action 3) requires that the bolts are installed. Post-conditions are set by an 
installed bearing and the bolts are ready for nut tightening. Action 4 is the final action for 
completing the assembly of hub, where the nuts are tightened on the bolts. The conditions 
for executing this action expect an installed bearing as well as installed nuts. These actions 
can be summarized using first order logic. 
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Actions, requirement and return 
values 
Assembly 
Action 1 Place Hub(Astation, Warehouse): 
Require ¬At(Astation, Hub) ^ At(Hub, 
Warehouse) 
Return At(Astation, Hub) ^¬At(Hub, 
Warehouse) 
Action 2 Prep Hub(astation, Hub): 
Require At(Astation, Hub) 
Return At(Hub, holes) ^ At(Hub, bolts) 
Action 3 Bearing Inst(bearing, Hub): 
Require At(bolts, Hub) ^ At(Astation, Hub) 
Return At(Bearing, Hub) ^ ¬At(Bearing, Nuts) 
Action 4 Nut Tighten(Nuts, Hub): 
Require At(Hub, Bearing) ^ At(Hub, Bolts) 
Return At(Nuts, Tighten) 
 
 
6.6 Partial Order Planning and Assembly Strategy 
The search algorithm will search for the assembly strategy and when the strategy is found 
it looks like the strategy as shown in Figure 61. This defined step chain can be stored in the 
database and transferred to the controller. Any changes can be introduced and the chain 
order redesigned. In the turbine industry, there are many different turbine hubs with various 
Table 11: Action table 
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sizes of bolts, bearings etc. As wind turbines are constantly developed, a change can be 
introduced by using this algorithm. In fact, the advantage of using an intelligent agent is that 
it can check whether there is a new or updated action in the database which is linked to the 
assembly process. It can then automatically re-design the assembly chain and, since the POP 
algorithm is always correct and complete, it can automatically generate a new step chain which 
is then executed in the next PLC cycle. So, neither re-programming nor a shutdown of the 
machinery is required. 
 
Figure 61: Adaptive assembly strategy 
The presented industrial control is implemented on a standard industrial controller 
programming tool called TwinCAT 3 provided by Beckhoff Automation GmbH. TwinCAT 
is an automation software environment. It integrates into Visual Studio 2010 and builds a 
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bridge between classical automation and computer science. The system architecture is 
illustrated in Figure 62. In order to set up the controller based on Partial-Order Planning, 
MATLAB is chosen. Standard PLCs run normally based on a sequential programming 
language, such as Structured Text (ST), which is an intuitive programming language. 
MathWorks introduced recently the PLC coder, which allows code conversion from Simulink 
models to ST code, which is limited basic Simulink functions as well as Stateflow models. 
Beckhoff TwinCAT 3 uses integrated C++ code from MATLAB Windows real-time target. 
The agent is defined as a Simulink model, converted into C++ code, and then integrated into 
a PLC cycle. The schematic structure of TwinCAT 3 is shown in Figure 62.  
 
Figure 62: Beckhoff TwinCAT 3 Automation System structure [58] 
The simulation results shown in Figure 63 show the switching moments between the 
database update, the search algorithm as well as the adaptive controller. The adaptive 
controller also represents the assembly line.  
As it can be seen, when the simulation starts, the agent waits until the update process of the 
database has been completed. Once this is done it starts the search algorithm (partial order 
planning) in order to derive an assembly strategy. At the same time, once a strategy has been 
derived it is downloaded to the adaptive controller and the assembly line starts. The time line 
shows PLC cycles; the cycle time for this simulation has been set to 1ms. This shows that the 
adaptive controller can start the assembly line after 28ms. However, this time is depending 
on the completion of the search algorithm and with further increasing complexity it may take 
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more PLC cycles and also more time (it also depends on the performance of the used 
industrial control hardware, if the system is slower, it may take longer). 
The next simulated scenario has been extended by an update scenario, where an item in the 
database is either updated or replaced with a different item and therefore a new assembly 
action strategy is introduced. The update process is started at 29 PLC cycles. The agent 
running the search algorithm will start the search algorithm again until the database update is 
completed. This is continued by an update of the assembly strategy from the task recognition 
block. The new strategy is then downloaded into the adaptive controller which is restarted as 
soon as the download is completed. 
In case of another update the process is repeated. Therefore, it is not required to shut down 
the assembly line for amendments of the assembly strategy, only the part description needs 
to be renewed by the R&D Department and the database needs to be updated. This keeps 
the downtime of the assembly line to a minimum. 
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6.6 Summary 
This chapter introduces an agent based concept for the automated assembly of wind turbine 
hubs. The assembly strategy has been generalized to the main components for proofing the 
concept. 
The assembly has been analysed and the hub assembly has been subdivided into a set of 
instructions describing the assembly of each part of the wind turbine hub. For the overall 
assembly, an agent-based concept has been suggested where individual agents ensure the 
assembly for each group of components (e.g. the wind turbine hub, the nacelle etc.)  
The agent-based concept contains 5 main components, namely ‘sensor input’, ‘adaptive 
controller’, ‘task recognition’, ‘assembly line’, ‘database’.  
The R&D Department will need to provide a description for each item which is required 
within the individual assembly group (in this example the wind turbine hub). The item 
descriptions as well as the pre- and post-conditions are then uploaded into the database. An 
agent will look at the individual assembly group and will create an assembly strategy based 
on the pre- and post-conditions to derive a suitable strategy. For this application, the partial 
order planning search algorithm has been chosen, since it is capable to find an assembly 
strategy and ensures completeness and correctness. The algorithm has been tested in a 
simulation environment based on an industrial real time environment using 
MATLAB/Simulink and Beckhoff TwinCAT 3. Several cases have been defined and 
simulated, starting from the first start-up of the system, where the database is empty and will 
be updated. The agent waits until the update has been completed and runs the search 
algorithm. Once the search has been completed the defined assembly strategy is downloaded 
into the controller (adaptive controller) which is then linked to the assembly line.  
The system then starts the assembly process and the agent constantly checks the database 
for any updates. Once it recognizes an update, it starts the search algorithm again and derives 
a new assembly strategy. The adaptive controller will then restart the assembly process with 
the new updated strategy. 
The simulation results proved that the concept works, that updates can be completed within 
a few PLC cycles and that the update of the assembly line can be done in real time.  
  





7. Chapter 7: Summary & Conclusions 
 
Outline 
The wind turbine industry is a growing industry where automation is currently being 
introduced to reduce the costs of the assembly. 
In this thesis, the wind turbine hub assembly process has been investigated with a view to 
propose new strategies for process automation. This PhD study has focused on two main 
elements of the overall wind turbine manufacturing process: (a) the bolt tightening process 
of the wind turbine bearings and (b) the wind turbine hub assembly.   
The bolt tightening process is one of the core processes and requires to be completed with 
high accuracy to ensure that each nut/bolt connection is competed with the required 
clamping force. If the clamping force varies, a local bolt connection may break and cause 
wind turbine failure. 
Control algorithms for the tightening have been designed employing model-based and 
model-free approaches. The model-free approach is based on fuzzy control incorporating 
expert knowledge of the tightening process. The model based approach makes use of a 
numerical model of the bolt representing the physical behaviour of the nut/bolt system.  
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Figure 64: Chapter 6 structure 
7.1 Summary and research background  
The wind turbine assembly contains several steps; the final installation is completed in the 
field where all components are mounted together. 
The pre-assembly is done in the factory, where the wind turbine components are pre-
assembled. The assembly contains several individual steps which can be grouped. 
In the next step, an agent based concept is introduced where agents are linked to each 
assembly group. The agents will then interact to assemble the wind turbine. Each assembly 
station in the factory may have an individual agent which interacts with other agents required 
in the particular assembly chain.  
For the concept an agent has been described for the assembly of the wind turbine hub. It 
is a reconfigurable concept where components can be updated in a database the agent runs a 
search algorithm based on partial order planning to find the correct assembly strategy.  
In this case, the R&D department can develop the parts for the wind turbine and describe 
how they need to be assembled. Furthermore, pre-and post-conditions need to be defined 
which the partial order planning algorithm will then link together by creating causal links 
between the matching pre- and post-condition. This allows to integrate changes to the 
assembly line quickly and without the need to shot down the assembly line, reprogram the 
automation system (PLC) and restart the assembly line. 
The other part of the research focusses on the bolt tightening process. The bolt tightening 
process is a highly non-linear process with uncertainties making classical control approaches 
difficult. Furthermore, it is essential that the tightening is completed accurately and that the 
correct bolt and nut combination is used with the correct washer.   
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For the research the focus has been on a model-free and a model based strategy. The model-
free strategy is using fuzzy control to address the non-linearity and uncertainty of the system 
by including expert knowledge of the process. Furthermore, the error recognition 
functionality is also included by using linguistic rules and membership functions to directly 
address several error types allowing to classify them. 
In addition, the tightening process has been divided into four different stages, which is the 
placement of the nut on top of the bolt, the alignment of the nut, the run down until the nut 
reaches the flange and the final tightening process.  
The model-based strategy is based on a state-space model which has been derived using the 
MATLAB system identification toolbox. It has the same inputs and outputs as the bolt 
system including the tightening tool. The model however is not able to represent the non-
linearity and uncertainty of the system meaning that it only approximates the system. The 
gains which have been derived using this model are able to achieve the control target but can 
be further improved with the online learning Genetic Algorithm.  
The performance is rather low, since the control strategy based on PI control is now facing 
the non-linearity and uncertainty of the physical system. However, it is still possible to reach 
the control target. 
For further performance improvement, a Genetic Algorithm has been used to learn the 
non-linearity and uncertainty of the system and further fine-tunes the gains of the controller 
while it was running in real time in the assembly environment.  Around the pre-estimated 
gains boundaries have been defined in a way, that the control target can be reached and the 
controller is improved within the gain boundaries until the optimal gains have been derived 
for the particular set of bolts. Furthermore, when a new set of bolts is introduced to the 
system, the genetic algorithm will adapt the new system attributes and estimate further 
optimize gains. 
On top of the self-tuning PI strategy, an error recognition block has been added. This is 
based on a logic which monitors the torque and angle values. Predefined torque and angle 
levels will set a flip-flop in the Simulink model, which stops the control strategy. 
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Comparing both control strategies, it could be shown that the final control result for the 
final fine-tuned self-tuning strategy the control result is better than the four stages control 
strategy based on fuzzy control. However, this only applies for the final result, the average 
result is performing not as well as the four stages fuzzy control strategy. This means, with 
regards to robustness of the controller, the four stages controller performs better as the mean 
value is closer to the target value and the standard deviation is lower compared to the PID 
control strategy. 
Furthermore, due to the four stages including expert knowledge the non-linearity as well as 
the uncertainties by using expert knowledge. Each stage addresses the particular non-linearity 
and uncertainty of the particular stage. Error recognition is also implemented on each stage 
allowing a classification. This PhD study contributed to an EU project called COSMOS. The 
project is linked to the wind turbine manufacturing industry.  
7.2 Suitable control architectures and test bench design 
In general, for the preparation of the research various suitable automation systems have 
been looked at and requirements have been defined in order to run the control strategies fast 
enough (cycle time) as well as integrating them into the factory environment.  
A professional automation system (Beckhoff TwinCAT 3 [58]) and bolt tightening system 
(DSM Messtechnik MDW 140) has been selected and used for the automation application, 
since it allows integration in a factory environment as well as easy interaction with other 
actuators in the assembly line, e.g. robots. 
The other essential part for preparing the research was the design of a torque reaction 
system to prevent backwards torque into the robot arm (which can be extended into a larger 
system to be used on a wind turbine hub, in the research only a test bench has been used as 
shown in Appendix B). 
Another test bench has been designed for constant testing of a control strategy, the 
technical details are also introduced in Appendix B. This bench keeps the tightening tool and 
the bolt in a position and allows several automated experiments without the need of the robot 
arm, a clamping force sensor can also be integrated between the flange and the nut to measure 
the final clamping force of the bolt connection. 
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Furthermore, in case an experiment goes wrong, the tool can apply maximum torque and 
there is no risk of any physical damage. 
7.3 Summary of the control designs for the assembly of wind turbine hub bearings 
The bolt tightening process for the hub is a non-linear process including uncertainties. Two 
control strategies for the bolt tightening process have been derived for the assembly of the 
wind turbine hub bearings. 
7.3.1 Design of a four stages fuzzy control strategy 
The bolt tightening process has been analysed and divided into four different stages, 
namely, the nut placement, the alignment, the run down phase and the final process, where 
the tightening process is completed. 
An in depth analysis has been carried out and expert knowledge has been developed to 
design a novel fuzzy control strategy. The novel strategy can address the non-linearity and 
uncertainty of the tightening process [16]. The expert knowledge has been defined using 
membership functions as well as linguistic rules.  
Another essential novel achievement is the error recognition. This is implemented based 
on linguistic rules and membership functions based on the expert analysis which sets an error 
flag. Furthermore, the controller runs on different speeds to address specific problematic 
areas, such as during alignment to avoid mechanical damage of the bolt. Together with the 
information of the stage where the error occurred it is possible to classify the error. Also, 
with the membership functions, the tools slow down before an error scenario arises to 
minimize any possible physical damage. There is currently no other tightening algorithm 
which combines both the accurate fuzzy tightening control strategy as well as the error 
recognition capabilities. 
7.3.2 Design of a self-tuning PI controller using a genetic algorithm 
Another novel developed strategy is based on a PI controller to introduce a new concept 
which can learn the non-lineareties and uncertainty. In this concept a PI controller has been 
derived based on a numerical model which represents the general system response of the bolt 
system. As a start, the gains have been derived based on this model so that the control target 
can be reached.  
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The controller can be then further fine-tuned by using an online Genetic Algorithm to learn 
the system attributes of the bolt system. This integrates the non-linearity and uncertainty of 
a particular set of bolt. 
Furthermore, error recognition is also essential on this control strategy. This has been 
implemented with a logic based algorithm which runs in parallel to the PI control strategy. 
When an error occurs the logic sets an error flag which stops the controller. 
7.4 Design of a self-reconfigurable strategy for wind turbine hub assembly  
As a final step, a novel extension of the system has been suggested to integrate the 
tightening algorithms into a novel wider concept using agents. For this application the wind 
turbine hubs have been divided into its main components, which are the pitch system, the 
hub body and the bearings.  
The assembly strategy (assembly action) for each component is described by the R&D 
Department and it is stored in a database. Each action has pre- and post-conditions (causal 
links) which describe what needs to be done first before the action can be applied and what 
can be done after. A search algorithm based on Partial Order Planning (POP) is used in a 
simulation environment to show the performance of the system. 
Parts of the assembly can be replaced in the database; the POP is started by an agent which 
monitors the database. Once a replacement has been detected, a new assembly strategy is 
derived and downloaded into the controller. 
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7.5 Summary of Contributions 
A summary of the major contributions made by this research to the field of wind turbine 
manufacturing is shown below. The research results have shown that the developed new 
strategies can make the manufacturing process safer, they prove to reach a better precision, 
provide high level error detection to reduce physical damages and downtime of the assembly 
line and provide a better overall efficiency of the assembly process. The research can also be 
applied to a wider field, such as the aeroplane industry where bolt connections are used to 
set up the internal structure of the plane. 
Proposal of a novel bolt tightening technique based on a model free fuzzy controller.  
The study of the bolt tightening assembly process leads to four different stages based on 
the steps for the assembly and tightening process, which is the placement of the nut on the 
bolt, the first few turns to install the nut on the bolt followed by the rundown of the nut and 
the actual tightening process. A similar process can be found in a screw insertion process as 
introduced in [73], where the insertion of a screw is described and also different stages are 
identified. 
 For model-free based fuzzy control, the bolt tightening algorithm has been based on the 
torque/angle technique [16], where the nut is run to a specific angle as well as a specific 
torque level. For the fuzzy control strategy, the inputs of the control system are torque and 
angle and the output of the system is a speed signal which is connected to the bolt tightening 
tool (based on an analog voltage signal). The tightening process uses both input signals as 
well as the output signal have been described using membership functions and have been 
linked using linguistic rules. The error scenarios have also been described using membership 
functions and linguistic rules. The controller provides an error output, which shows when an 
error occurs. Together with the information about the tightening stage when the error 
happened the error can be classified (e.g. stage 1 error can be a misalignment of the nut on 
the bolt).  
Furthermore, since the tightening process has been divided into four stages it also allows 
to run the tightening tool on different speeds to prevent potential damage in each stage by 
allowing the tool to respond to the error quicker based on the low tightening speed. The tool 
runs slower in stage 1 for example, where the nut is placed and a misalignment needs to be 
detected. In an error scenario (misaligned nut) the nut will get jammed. If the tool runs slow 
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in this event, the kinetic energy in the bolt tightening system is low and when the tool is 
switched off there will be less kinetic energy left in the system avoiding overshoots if the 
tightening is suddenly terminated. 
The implementation has been done using an industrial automation system. The novel 
control algorithms can be therefore directly ported into factory environments. 
 
Proposal of a novel model-based control strategy and online learning algorithm: 
As preparation, the bolt system has been analysed in depth and experimental data has been 
recorded on how the bolt system in combination with the tightening tool responds. A sine 
wave has been set up and applied to the tightening tool. The response in torque and angle 
has been recorded and the result has been applied to the MATLAB System identification 
toolbox and a model has been derived. It turned out that the model is not able to represent 
the non-linearity and uncertainty (caused by variation in friction, temperature, material) in 
the system. The model has been used to estimate the gains of a PI controller and the 
controller has been tested on the bolt system. As a result, it turned out that the performance 
can still be further improved.  
 
For handling the non-linearity and uncertainties, the PI control algorithm has been linked 
to a Genetic Algorithm (GA), which processes the system response after each tightening 
process and runs after each completion of a tightening process. The combination of both the 
GA and the PI controller allows to find the best Gains for the PI controller. 
Within experimental predefined boundaries around the control gains (a range where the 
GA can set new gain values) the P and I gains will be optimized for the system and fine-
tuned until the response is improved with regards to time and accuracy. In this way, also 
when a new set of bolts is introduced to the system the GA will learn its attributes and adjust 
the PI values to provide an improved performance as the new set of bolts may require new 
control gains. 
Finally an error detection capability are included, which is essential in this control strategy. 
For the implementation, a logic based error detector has been developed with similar error 
types when compared to the previous proposal based on fuzzy control. The logic based 
algorithm runs in parallel to the controller and can stop the process when an error occurs. It 
will then return an error with the torque and angle values so that the error can be classified. 
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The experiments and implementation has also been done on an industrial standard control 
system. 
 
The final contribution is a novel approach using an agent based framework allowing the 
wind turbine hub assembly can be automated with a high degree of flexibility: 
The wind turbine is constantly further improved and parts of it are modified [9]. In an 
automated system. The assembly line needs to be shut down and the automation strategy 
needs to be reprogrammed in order to include the new or modified item in the assembly. 
This proposal introduces an on how a change over in assembly can be done in an adaptive 
manner without the need to shut down the assembly line when a new item is introduced. 
 
The wind turbine hub has been analysed and generalized to three main components to 
design a system which can derive an assembly strategy automatically by itself. The wind 
turbine hub has been broken down into three main parts, which is the hub body, the bearings 
and the bolts. All the components (different hub sizes, bolts and bearings) have been stored 
in a database with their assembly specifications including a description on how they need to 
be assembled (defined as an action), what needs to be done before (defined as pre-condition) 
and what can be done after (defined as post-condition).  
 
The pre- and post-conditions can be linked by a search algorithm, as all pre- and post-
conditions are set in a way that they can be linked (defined as a causal link). For this 
application, a search algorithm has been chosen which is always complete and correct, the 
partial-order planning search algorithm (POP). If it is not successful, it means that there is a 
problem in the definition of pre-and post-conditions. Even though other search algorithms 
may also work the simulation results proof a good performance in this application. 
Furthermore, the search algorithm is implemented as an agent.  The agent will look at the 
database and checks for changes. Once a change is detected it will start the search algorithm 
which derives and updates the assembly strategy. The concept also outlines that agents can 
be used for each component of the wind turbine, such as the nacelle. However, as it is only 
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7.6 Future Work 
The introduced strategies have shown a good overall performance and is on a level that it 
can be integrated into a factory environment. 
The following suggestions are made for further improvements. 
7.6.1 Extending the four-stages fuzzy control strategy 
The four stages fuzzy controller can be extended to have several rules and membership 
functions to include bolt parameters for the assembly of the wind turbine hub to cover all 
the wind turbines which are assembled at that factory. 
Another decision making algorithm based on fuzzy control can be implemented which 
switches between the fuzzy control strategies for each bolt size. 
Furthermore, the error recognition capability should also be amended so that it can handle 
various sizes of bolts used in the assembly application. 
Moreover, even though the performance of the control strategy is on a good level and it 
shows a robust behaviour, it may be combined with the introduced genetic algorithm to fine-
tune the Gaussian membership functions for a better result. This can be done by defining 
boundaries around the predefined values of the membership functions. 
7.6.2 GA fine-tuned PI control strategy 
The GA fine-tuned PI Control strategy for the bolt tightening process is based on the angle 
tightening technique. Even though this strategy provides an accurate tightening technique it 
takes several tightening processes until the GA has learned the non-lineareties and 
uncertainties of the bolt system. Especially the starting point of the threads is varying on each 
bolt (though they are from the same set of bolts) which is depending on the installation. 
The strategy can be improved by using the torque/angle tightening technique rather than 
only the angle tightening technique. This would increase the accuracy, but may require two 
PI controllers which control the torque level as well as the angle level. Two PI controller 
which are combined with a GA will also increase the computational requirements of the 
strategy. 
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In addition, it may be more suitable to replace the PI Control strategy with a different 
strategy, such as a state-space controller. The gains can also be fine-tuned using a Genetic 
Algorithm to learn the system parameters to integrate the non-linearity and uncertainties. 
Furthermore, the four stages fuzzy controller as well as the GA fine-tuned PI control 
strategy can be integrated into the system. 
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8. Appendix A: Test Bench & Simulink Models  
Appendix A provides an overview of the developed test bench, the four stages fuzzy control 
strategy as well as the PI GA Algorithm. Only the structure is described, a copy of the 
complete program can be found on the attached DVD of this thesis.  
8.1 Appendix A Structure 
Appendix A: Test Bench & Simulink Models
Technical description of 
the four stages fuzzy 
control strategy
Technical description of 
theself tuning PI control 
strategy
Test Bench Set up
 
Figure 65: Appendix A Structure 
8.2 Test Bench setup 
The application of assembling wind turbines is an industrial application and requires to be 
set up in a way that the results of the control design can be directly transferred to the real 
physical application in the assembly line. The setup has 2 parts which need to be considered; 
on the one side it’s the platform for running the control algorithm (software), on the other 
side (hardware) it is the tool for tightening the bolt.  
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8.2.1 Test bench requirements for the hardware (tightening tool set up) 
One essential part of the wind turbine hub assembly is the bolt tightening process. To do 
this, a tightening tool is required and it should have the following specifications: 
- Industrial standard 
- Contains a strain-gage torque sensor for accurate torque measurements 
- Contains a encoder to measure the angle 
- Can be directly connected to a PLC set – up using analogue signals 
- Can be downscaled: 3000Nm is the maximum tightening force, however, for 
demonstrating a lower value can also be considered 
- Can be integrated to the Fanuc Robot arm 
- Able to be integrated into a clamp system to prevent backward torque into the robot 
arm 
Using a servomotor with an encoder  
In order to tighten the bolts of the wind turbine hub a tightening tool is required. A simple 
way of realizing this would be using a servo motor with a controllable power transducer. The 
torque can be controlled by measuring the current of the motor and therefore, the angle as 
well as the torque can be used. Furthermore, this solution allows a fairly straight set up and 
minimizes also the costs. However, the project targets to use a classical industrial tightening 
tool. Hence the industrial tools provide already certifications it is in long term the cheaper 
and easier solution to set up. 
Using an analogue tightening tool type DSM BL 57 140 MDW   
Another look has been taken to industrial tools. There are a few specialized manufactures 
and a detailed look has been taken to a tool produced by DSM called DSM BL 57 140 MDW. 
The tool is shown in Figure 66. 
 
Figure 66: Tightening Tool DSM BL 57 140 MDW 
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This tool has already all certifications to be used in a factory environment and is therefore 
suitable to be used for this application. The chosen tool has the following specifications: 
- Provides CE certification and EMV compatibility 
- Uses analogue input signals between ±10V 
- Provides an integrated encoder for measuring the angle (accuracy 1%) 
- Provides a strain-gage sensor for measuring the torque (accuracy 1%) 
- Can be integrated into the FANUC robot set up 
- Is able to carry a clamp to avoid any backward torque into the robot arm 
- The rotational speed can be set using an analogue speed signal 
The tightening tool has been selected and set up in 2 ways; one is a tightening bench to 
easily run the tool on an individual bolt without using the robot arm and the other set up is 
based on a torque reaction system to avoid any backward torque. The bolt bench is 
representing the wind turbine hub. For the physical application in the factory the clamp 
system needs to have the correct size of the bearing so that it can create a closed torque 
reaction system with the bearing to prevent backward torque. 
This is shown in Figure 67. 
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Figure 67: Torque reaction system to prevent backward torque in the robot arm 
Continuously, the tightening tool requires a standard connection to interface it with an 
industrial controller.  
8.2.2 Test bench requirements for the control platform (software) 
The test bench on for the control platform side has the following requirements: 
-  To have an integration of high level programming languages (such as C++) 
- Supports C++ code generated from MATLAB Coder 
- Provides high speed real time cyclic execution of the algorithm 
- Integrates with other industrial components such as industrial robots and the 
remaining automation set up 
- Should require minimum additional hardware in addition to the hardware which is 
already in the assembly line. 
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- Provides industrial interfaces such as ProfiNET, ProfiBUS etc. for integration of the 
I/O as well as for direct communication with other actuators and sensors.  
- The Controller is designed in Simulink and the targeting platform should be 
supported so that Simulink can connect to it as an external target 
- Provides cycle times of up to 1ms to process signals from an encoder to measure the 
tightening angle.  
To do this, three options have been analysed. There are many more platforms, however, 
the most common and suitable systems have been analysed. 
8.2.1 Using an I/O Card within MATLAB and Real-time Linux 
The first option which has been analysed is the use of an I/O card (for example the 
Sensoray Model 626 [74] in combination with the real time target of MATLAB within a real 
time Linux environment. The integration is rather simple as MATLAB supports this I/O 
Card and also drivers for Linux are available. The I/O card allows to integrate a tightening 
tool and the system also provides the capability of running the control algorithm on a fast 
cyclic speed. Industrial interfaces (such as ProfiNET, ProfiBUS etc.) can also be integrated 
so that other sensors and actuators can be accessed. 
Currently Linux applications in Industry play a role for individual applications (for example 
mobile robots) but considering that modern assembly lines are based on a classical PLC 
structure, where the control strategy needs to be integrated, the Linux and the I/O strategy 
may not be suitable. Furthermore, the I/O card needs to provide an industrial standard to 
ensure that there is no failure for several years of permanent operation. Therefore, the control 
algorithm should target an industrial standard control environment ideally where the 
hardware is already available in factories and the integration process is minimized.  
8.2.2 Using a Phoenix Contact PLC and an Industrial PC for executing the control 
strategy 
A Phoenix Contact [59] setup as also been analysed for the control application. The setup 
which has been provided within the COSMOS Project cooperation contains a PLC and an 
industrial PC based on Windows XP running PCWorx, which is an automation software from 
Phoenix Contact. Continuously, other industrial components within the environment such 
as a robot can be integrated and also controlled.  The MATLAB / Simulink model can be 
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converted into real time C++ Code by using MATLAB Coder and run on the industrial PC 
where it is executed on highest priority in Windows XP.  
This setup is able to run the control algorithm as well as provides support for all the 
necessary BUS Systems (ProfiNET, ProfiBUS etc.).  The PLC can be connected via Ethernet 
to the industrial PC and a communication needs to be set up to read and write the inputs and 
outputs of the PLC. The cycle time of the PLC can be set up to 1ms. The inputs and outputs 
of the PLC can be configured in any desired way since they are based on terminal blocks and 
can be clocked next to each other in any possible way. 
In addition, Windows is not a real time system and therefore, hard real time conditions may 
not be guaranteed but are required for the control application. Therefore, this system may 
not perform on a suitable level as it provides risks with using C++ Code generated by 
MATLAB Coder. Another option would be using MATLAB Coder to generate PLC Code 
(Structured Text) and run it on the Phoenix Contact PLC. Further investigation turned 
outlined that the support of the Simulink block library is rather limited. Also, it would be 
good for the development of the controller to connect to the Simulink target while the 
controller is running. This may not be guaranteed with this system. 
8.2.3 Using a Beckhoff TwinCAT 3 System 
Finally, a Beckhoff System [58] has been analysed for the setup. The Beckhoff TwinCAT 3 
runs on cycle speeds up to 10µs and therefore provides enough speed for the execution of 
the control algorithm. Similarly to the Phoenix Contact system, the I/O can be expanded by 
using I/O terminals which can be clicked next to each other.  
Continuously, other components such as a Fanuc robot can be accessed using standard 
interfaces (ProfiNET, ProfiBUS etc.). The Software runs on an industrial PC which is already 
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8.3 Simulink Model for the four stages bolt tightening controller (chapter 2) 
The four stages tightening controller is based on a Simulink model which has been 
converted with MATLAB Coder to real time C++ Code, which has been imported into 
Beckhoff TwinCAT 3. TwinCAT then executes the controller in real time cyclically with a 
cycle time of T = 500 ∗ 10−6s.  
The Simulink Model is a nested model; its structure is shown on the next pages. As it is 
shown in Figure 68 the controller has several sub blocks. The actual four stages fuzzy 
controller is in the ‘4 Stages fuzzy controller’ block. The other blocks contain functions to 
store the error and stop the controller, convert the current readings into actual torque values 
and also there is a block with a main flip flop keep the controller activated or stopped. 
Furthermore, there is the essential emergency stop function. This will stop the whole 
controller module and requires a restart after the emergency stop has been activated. 
Furthermore, the switching between the 4 stages is also done with one control block. This is 
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Figure 68: Simulink Model overview for the four stages fuzzy controller 
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The next block is the four stages fuzzy controller block. It contains the actual fuzzy 
controller as well as the PID controller which has been used for comparison of the fuzzy 
controller performance and the PID controller performance. The block is shown below: 
 
Figure 69: 4 stages controller block 
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Each Fuzzy controller contains the individual requirements for a stage, as described in 
Chapter 2. The stages can only executed in a sequential order, it is not possible to execute 
the stages in reverse order. 
The internal set up showing each stage is provided in the next figures.  
 
Figure 70: Stage 1 fuzzy controller 
 
 
Figure 71: Stage 2 fuzzy controller 
 
  
141 | P a g e  
 
 
Figure 72: Stage 3 fuzzy controller with error detection 
 
 
Figure 73: Stage 4 fuzzy control set up 
 
Figure 74: Discrete PID Controller for comparison of the fuzzy controller 
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Figure 74 shows the used model for the PID Controller. The control design for the PID 
Parameter have been based on a classical control. It is based on the torque/angle tightening 
technique [16]. 
 
Figure 75: Torque conversion block 
The torque block converts the raw torque signal which is a 16 bit analogue signal into 
current and then into torque. Furthermore, the velocity and the acceleration has also been 
estimated. This is used for the error detection functionality. In particular, it is essential to 
detect the tension limit of the bolt. This is reached when the velocity becomes constant. The 
tightening process has to be stopped immediately then to prevent any physical damage. 
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8.4 Self PI tuned Algorithm 
The algorithm introduced in Chapter 3 is using a Simulink model as well as a Matlab 
program. The model is nested again and based on the previous 4 stages fuzzy controller. 
However, the fuzzy controller has been removed and the PID controllers Gains are 
changeable. 
 
Figure 76: Model based PI Tuning block 
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Figure 77: PI controller block 
Figure 77 shows the actual controller block which is divided into the error recognition 
block, which contains comparison blocks to detect faults based on torque and angle values 
as described in Table 7. Furthermore, the internal structure is shown in Figure 78. 
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Figure 78: Internal discrete PID controller 
The gains can be externally tuned and have been set as tuneable variables. The step 
response data is recorded with a scope which is also set that the data can be collected from 
the MATLAB program after completion of the algorithm. 
The implementation purely based on Simulink leads to the problem that MATLAB coder 
cannot convert all functions required for the Genetic Algorithm into real time C++ code. 
Therefore, the program has been changed in a way, that the PI Controller is executed in 
real time (cycle time CT = 500 ∗ 10
−6s) and the result of the control run is send to a 
MATLAB program which implements the genetic algorithm. The procedure is shown in 
Figure 79. 
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Start
Chose or load previous  
PID Values within the 
boundaries to the 
Simulink model
Run PID Controller in real 
time
Download Response Data 
for the Genetic Algorithm
Run Genetic Algoritm
Download and store 
updated PID Values into 




Figure 79: Execution of the GA combined with the physical system  
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When the process is started, a MATLAB program is executed which either loads the model 
estimated PI values or loads previous PI values based on the model estimated values which 
already have been fine-tuned with the Genetic Algorithm. The Simulink model needs to be 
started on the Beckhoff controller and connected as an external target to Simulink. The PI 
values are then uploaded into the Simulink model and the controller is started. Once the 
tightening is completed the step response data is copied from the real time model and 
processed within the GA to fine-tune the PI values further within the boundary setting. It 
should be considered that the GA is always active, even though the step response may not 
be further improved. In this situation, if the performance criteria of the GA has been 
matched, the same PI values will be used until the step response changes again. This allows 
to learn the attributes of a set of bolts and apply them until the set us installed and a new set 
is introduced to the assembly line. The response data of the new bolt will be different than 
from the previous set and the GA will learn again the non-linearity and uncertainties of the 
new set of bolts. 
For the experiments, the bolt bench has been used to record the data and to allow to run 











9. Appendix B: torque reaction system 
Appendix B provides technical details, such as technical drawings about the clamp system 
and the bolt bench for multiple tests of the tightening algorithms. 
The main aim of the torque reaction system is to prevent any backward torque going into 
the robot arm. The robot is using joints which are not set up to accept more than the original 
torque applied from the robot arm itself. The reaction system provides a closed system where 
the torque is locked up into during the assembly process. This minimized the additional 
torque level on the robot arm and furthermore, any additional forces are also only applied in 
the closed torque reaction system. 
To prepare the experimental set up, a bolt bench has also been designed. A real wind turbine 
hub was not available for testing; furthermore, the existing FANUC M6iB robot is also too 
small for the final tests. 
9.1 Appendix B Structure 
Appendix B
Technical description of 
the clamp system
Technical description of 
the bolt bench
 
Figure 80: Appendix B Structure 
9.2 Clamp Drawings 
The torque reaction drawings contain the bolt bench (bolt plate), the horizontal plate, the 
middle support and the vertical plates.   
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9.2.1 Drawing: Bolt Plate 
 
Figure 81: Bolt Plate  
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9.2.2 Drawing: Horizontal Plate 
 
Figure 82: Horizontal Plate  
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9.2.3 Drawing: Middle Support 
 
Figure 83: Middle Support  
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9.2.4 Drawing: Vertical Plates 
 
Figure 84: Vertical Plates  
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9.3 Bolt tightening bench 
The bolt test bench is shown in the picture below. It has been designed at a workshop 
directly, therefore, no technical drawings are provided. The main aim is that several 
experiments can be carried out automatically and the clamping force can be measured at the 
same time. To do this, a clamping force sensor has been installed on the bolt system. 
Furthermore, the bench allows also to install several different bolt sizes. The focus on this 
research has been on a M24 bolt, which is a common size for a mid-ranged turbine from 
Gamesa. 
The next pictures show the bench without the clamping force sensor: 
 
Figure 85: Tightening tool in the bench without the clamping force sensor 
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Figure 86: Picture of the tool in the bench at the nut 
 
Figure 87: Tool with the clamping force sensor 
The clamping force sensor [75] is a ring sensor which measures clamping forces up to 
50KN. It can be directly connected to the Beckhoff I/O System. 
This setup provides stability to ensure that even on a faulty algorithm set up where the 
tightening tool runs on maximum speed and maximum torque where safety features may fail 
the set up stays stable. Therefore, before the algorithms were applied within the robotic set 
up, they were extensively tested on this bench.   
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